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La estimulación transcraneal con corriente continua (tDCS, del inglés transcranial 
direct-current stimulation) es una de las técnicas de estimulación cerebral no invasivas 
más utilizadas y consiste en la aplicación de corrientes eléctricas débiles a través del 
cráneo. La técnica comenzó a ganar popularidad hace unos 20 años cuando se 
demostraron sus efectos neuromoduladores durante la administración del tDCS y, quizás 
incluso más relevante, permaneciendo durante varios minutos tras el cese de la 
estimulación. Gracias a los estudios realizados in vitro, se sabe que los efectos que se 
observan en la modulación neuronal de manera inmediata son causados por la 
polarización de los diferentes compartimentos neuronales (soma, dendritas, axón) 
causados a su vez por el desplazamiento y redistribución de cargas que el campo 
eléctrico produce. Por otra parte, los efectos a largo plazo se han relacionado con 
cambios en los receptores de membrana, modificación de proteínas y actividad glial. Sin 
embargo, aún existe un gran desconocimiento sobre los mecanismos fisiológicos que 
subyacen a estos efectos. Por este motivo, el objetivo principal de la presente Tesis 
Doctoral consistió en el estudio y caracterización de los efectos y mecanismos detrás de 
la neuromodulación que el tDCS ejerce sobre las cortezas somatosensorial (S1) y 
cerebelar (CrusI-II) en ratones despiertos. Primero, se comprobó la fuerza del campo 
eléctrico generado por el tDCS, observando una disminución logarítmica del mismo 
conforme nos alejamos del electrodo de estimulación cuando se aplica directamente 
sobre S1 (S1-tDCS) o el cerebelo lateral (Cb-tDCS). Además, el campo eléctrico generado 
en S1 cuando el tDCS se aplica sobre el cerebelo lateral resultó ser dos órdenes de 
magnitud inferior al campo eléctrico generado por la aplicación directa del tDCS sobre 
S1. Posteriormente, se caracterizaron los efectos del tDCS sobre la excitabilidad de S1 y 
CrusI-II mediante técnicas electrofisiológicas e inmunohistoquímicas. Sobre los 
resultados con S1-tDCS, hubo una modulación de los campos sensoriales evocados (SEPs, 
del inglés sensory evoked potentials) dependiente de la polaridad y la intensidad de 
estimulación, con anodal incrementando y catodal disminuyendo la excitabilidad de S1. 
Sin embargo, tras el cese de la estimulación, únicamente la polaridad catodal mantuvo 




concuerdan con el aumento observado en los niveles de GAD65-67 en el hemisferio 
estimulado tras 20 minutos con tDCS catodal. Con respecto a los resultados con Cb-tDCS, 
hubo un incremento inmediato de la amplitud de los SEPs registrados en cerebelo 
durante Cb-tDCS anodal y un descenso con catodal. No obstante, no se observaron 
efectos a largo plazo tras el cese del tDCS ni en los registros electrofisiológicos ni en los 
niveles de GAD65-67 o vGlut1. A continuación, se evaluó el impacto del Cb-tDCS sobre 
regiones distantes interconectadas (S1), mostrando una disminución de la excitabilidad 
de S1 durante el Cb-tDCS anodal y un aumento tras catodal. Significativamente, tras la 
disminución inmediata de la excitabilidad de S1 durante los primeros minutos del Cb-
tDCS anodal, hubo una vuelta a los valores control en los últimos minutos de la 
estimulación, e incluso apareció un incremento de la excitabilidad justo al apagar la 
estimulación con Cb-tDCS anodal. No se observaron cambios tras el Cb-tDCS catodal y no 
se observaron cambios en los niveles de GAD65-67 o vGlut1 en S1 tras el Cb-tDCS anodal 
ni catodal.  Por último, se exploraron los efectos del Cb-tDCS con un análisis más preciso 
mediante registros de actividad unitaria en animales despiertos, observándose una 
modulación heterogénea de la frecuencia de disparo espontánea tanto de células de 
Purkinje como no Purkinje, dependiente de la polaridad y la intensidad de estimulación. 
Para desenmascarar las causas de este comportamiento heterogéneo, se procedió a la 
tinción juxtacelular de las neuronas registradas en animales anestesiados. Los resultados 
obtenidos mostraron que la orientación del eje somatodendrítico con respecto al campo 
eléctrico generado por el tDCS fue el principal factor determinante de la modulación de 
las células de Purkinje. En conclusión, los resultados obtenidos proporcionan una medida 
directa de los diferentes efectos que el tDCS puede tener sobre diferentes regiones 
estimuladas y proporciona información sobre la importancia de los posibles efectos 
sobre regiones distantes que puede tener esta técnica neuromoduladora. Finalmente, 












Transcranial direct-current stimulation (tDCS) is one of the most commonly used 
non-invasive brain stimulation techniques consisting in the application of weak electrical 
currents through the scalp. The technique began to gain popularity about 20 years ago 
when its neuromodulatory effects were demonstrated during the administration of tDCS 
and, perhaps most importantly, lasting several minutes after stimulus cessation. It is 
known from in vitro studies, that immediate observed neuronal modulation is caused by 
the polarization of the different neuronal compartments (soma, dendrites, axon) caused 
by the displacement and redistribution of charges due to the electric field. On the other 
hand, long-term effects have been related with membrane receptors changes, protein 
modifications and glial activity. However, there are still huge gaps of knowledge about 
the physiological mechanisms underlying its effects. For this reason, the main objective 
of the present Doctoral Thesis was to examine and characterize the effects and 
mechanisms behind the neuromodulation of tDCS in somatosensory (S1) and cerebellar 
(CrusI-II) cortices in the alert mice. First, the strength of the electric field generated by 
tDCS was assessed, observing a decay with distance from the electrode in a logarithmic 
manner when applied over S1 (S1-tDCS) or lateral cerebellum (Cb-tDCS). In addition, the 
actual electric field generated in S1 when tDCS was applied over lateral cerebellum was 
two orders of magnitude lower than the electric field generated by tDCS directly applied 
over S1. After that, tDCS effects on S1 and CrusI-II excitability were characterized by 
means of electrophysiological and immunohistochemical measures. For S1-tDCS, there 
was a polarity and intensity-dependent modulation of sensory evoked potentials (SEPs) 
during the application of transcranial currents with anodal increasing and cathodal 
decreasing S1 excitability. Nonetheless, after tDCS cessation, just cathodal stimulation 
maintained a decreased excitability for up to one hour. This result was in accordance 
with an increase in GAD65-67 levels observed in the stimulated hemisphere after 20 
minutes of cathodal tDCS. With respect to Cb-tDCS, there was also an immediate 
increase with anodal and decrease with cathodal Cb-tDCS of the cerebellar SEPs during 
the application of the current. Nevertheless, no long-term effects were observed after 




the impact of Cb-tDCS on interconnected distant regions (S1) was evaluated, showing a 
decrease in S1 excitability during anodal and an increase during cathodal Cb-tDCS. 
Interestingly, after the instant decrease in S1 excitability observed during the first 
minutes of anodal Cb-tDCS, there was a return to control levels in the last minutes of 
stimulation and, intriguingly, an increase in excitability appeared just after anodal Cb-
tDCS was switched off. No changes were observed after cathodal Cb-tDCS, and no 
changes were observed for GAD65-67 or vGlut1 levels in S1 after anodal nor cathodal 
Cb-tDCS. Lastly, a more detailed analysis of Cb-tDCS effects was explored by single-cell 
recordings in awake mice, showing a polarity and intensity-dependent modulation of 
ongoing firing activity of Purkinje and non-Purkinje cells in a heterogeneous manner. To 
unravel the causes of this heterogeneous behaviour, juxtacellular labelling of the 
recorded neurons in anesthetized mice was performed. The observed results indicate 
that the somatodendritic axis orientation with respect to the tDCS-generated electric 
field was the main factor determining the modulation of the Purkinje cells. In conclusion, 
present results show direct evidence of the different effects that tDCS may have on 
different stimulated regions, providing evidence of the importance of potential distant 
effects induced by this neuromodulatory technique. Finally, the data presented in this 
thesis constitutes the first in vivo experimental evidence of the fundamental role of the 




















AC, alternating-current; CBI, cerebellar-brain inhibition; Cb-tDCS, cerebellar transcranial 
direct current stimulation; CS, complex spike; DC, direct-current; DCN, deep cerebellar 
nuclei; DCS, direct current stimulation; ERP, event-related potential; GABA, γ-
aminobutyric acid; M1, motor cortex; MMN, mismatch negativity; MRS, magnetic 
resonance spectroscopy; NIBS, non-invasive brain stimulation; PC, purkinje cell; S1, 
somatosensory cortex; SEP, sensory-evoked potential; SS, simple spike; tACS, 
transcranial alternating current stimulation; tDCS, transcranial direct current 
stimulation; tES, transcranial electrical stimulation; TMS, transcranial magnetic 
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In the last decades, several non-invasive brain stimulation (NIBS) techniques have 
shown their ability to modulate neuronal excitability. Among them, transcranial 
magnetic stimulation (TMS) and transcranial electrical stimulation (tES) are the most 
commonly used (Huang et al., 2017). TMS consists in the application of a strong time-
varying magnetic field that elicit an electric current (~150 V/m, (Rossi et al., 2009)) inside 
the brain, whereas tES directly apply weak electric currents (~1 V/m (Opitz et al., 2016)) 
through the scalp. In contrast to TMS, which is delivered through a sophisticated and 
expensive device, tES is affordable and readily accessible by non-trained individuals 
(Brunoni et al., 2012). Besides, even easier and cheaper NIBS techniques have appeared 
in the last decade, investigating cortical excitability changes by means of static magnetic 
field (magnets) stimulation (Oliviero et al., 2011; Carrasco-López et al., 2017; Matsugi 
and Okada, 2017).  
Regarding tES, there are several protocols depending on the temporal patterns 
of applied electric currents. Thus, transcranial direct-current (DC), alternating-current 
(AC) and random-noise stimulation (commonly known as tDCS, tACS, and tRNS, 
respectively) have been used to neuromodulate different regions of the brain (Fig. 1.1) 
(Reed and Cohen Kadosh, 2018; Sánchez-León et al., 2018b, 2018a; Bikson et al., 2019a). 
 
Figure 1.1. Conventional tES protocols. From top to bottom, traces corresponding to transcranial 
direct-current stimulation (tDCS) (Anodal: left, cathodal: right), transcranial alternating-current 
stimulation (tACS) and transcranial random-noise stimulation (tRNS). Weak electric currents are 
applied between an active electrode placed over the region of interest and a distant reference 




Since the first evidence of Priori (Priori et al., 1998), and the seminal work of 
Nitsche and Paulus (Nitsche and Paulus, 2000) demonstrating its modulatory effects 
over motor cortex (M1) excitability, tDCS has gained increasing popularity (Nitsche et 
al., 2008) and it is now being used in a wide range of neurological and psychiatric 
conditions (Grimaldi et al., 2016; Reed and Cohen Kadosh, 2018; Stagg et al., 2018; 
Miterko et al., 2019). Nonetheless, the use of electric currents for the treatment of 
medical conditions has a long-lasting history dating back a few hundreds of years (Wu, 
1984; Sarmiento et al., 2016). 
1.1 History of neurostimulation. 
The history of electrical stimulation is accompanied by the discovery of electricity 
itself. Much of the first approaches to understand electricity came from animals able to 
generate electric discharges, specifically by electric fishes. The earliest records of electric 
fishes are depictions of the Nile catfish (Malopterurus electricus) by ancient Egyptians 
(Fig. 1.2left), but it is not known if (and how) they experimented with them for clinical 
purposes. The first reported evidence of electrical stimulation appears a few centuries 
later (43–48 AC) in the Roman Empire (Fig. 1.2right), when Scribonius Largus in his De 
compositionibus medicamentorum described the headache relieve in a patient by 
placing a live torpedo fish (Torpedo torpedo) over his scalp (Scribonius Largus, 1529). He 
also prescribes it for the treatment of gout as follows: "For any type of gout a live black 
torpedo should, when the pain begins, be placed under the feet. The patient must stand 
on a moist shore washed by the sea and he should stay like this until his whole foot and 
leg up to the knee is numb". These and similar remedies were copied and recopied by 
Western medical authorities as Pliny the Elder (23–79 AD) and the Greek physician 





Figure 1.2. Left: Ancient Egyptians knew about the effects of electricity through the Nile catfish (in the 
picture directly below the rear of the boat), as shown in this bas-relief from the tomb of Ti of the Fifth 
Dynasty at Saqqarah (~2750 B.C.) (From Gaillard, 1923). Right: Also, the torpedo fish (near the top in 
the middle of the picture, directly above the tentacles of the octopus) was well known in the classical 
Roman world, as is indicated by this mosaic found among the ruins of Pompeii (1st century A.D.) (From 
Feder, 1978). 
This kind of stimulation was also known in Persia, where the 11th century Muslim 
physician Ibn-Sidah suggested the use of torpedo fishes to treat epilepsy (Priori, 2003), 
and also in South America, where the early explorers and colonists reported that the 
native Indians treated gout with the powerful electric eel (Electrophorus electricus) 
(Keynes, 1956). However, the scientific method was not stablished in these days, so the 
effectivity of these treatments is doubtful. 
In 1660, the German scientist Otto von Guericke invented the first electrostatic 
generator (Comroe and Dripps, 1976), and a century later, in 1745, Ewald Georg von 
Kleist developed the first capacitor in history, the Leyden jar (Keithley, 1999). This device 
could store electric charge produced from an electrostatic generator, so for the first time 
in history, experimenters vastly increased the amount of electricity that could be 
employed in their research. Intriguingly, those who experienced shocks from both, the 






Figure 1.3. Depiction of the apparatuses employed for the first experiments with electric currents in 
humans. The Leyden jar (labelled "d", below the man’s left shoulder) is being used to store electricity 
generated by the electrostatic machine, at the right (From Adams, 1799). 
These discoveries together with the reports in the same years of the existence of 
the powerful South American eel, led to a scientific battle to determine if the effects of 
the electric fishes and the Leyden jar were of the same nature (Wu, 1984). In the end, 
the experiments resolving the dispute were made in 1776 by John Walsh (a member of 
English Parliament and a fellow of the Royal Society), demonstrating the production of 
a spark by the electric eel, and laying down the full acceptance of the electrical nature 
of the discharge. The general acceptance of Walsh’s discoveries led to experimenters of 
the time like Anton de Haen in 1755 (Priestley, 1767) and Benjamin Franklin in 1757 
(Franklin, 1757), to use the electric currents for therapeutically purposes again, but 
instead of electricity from unreliable animal sources, they started working with 




It was in this environment that Luigi Galvani made his milestone announcement 
(Galvani, 1791), the observation that frog legs contract under electrical stimulation, thus 
starting the famous discussion between him and Alessandro Volta about the electrical 
properties of nerves and muscles. Such discussion led to the establishment of the new 
science known as Electrophysiology, and to the creation of the first electric battery by 
mimicking the electric organ of electric fishes (Fig. 1.4). 
 
Figure 1.4. Comparison between the first electric battery, the Alessandro Volta's "pile'' (left), and 
schematic drawing of the vertical columns composing the electric organ of the torpedo (right). Volta 
named his new apparatus an "artificial electric organ" because it mimicked "the natural electric organ 
of the torpedo or electric eel" (Volta, 1800) (Figure at left from Dibner, 1952; figure at right from Fritsch, 
1890). 
In 1804, Giovanni Aldini (1762 – 1834), Galvani’s nephew, was one of the first 
persons to utilize direct current (DC) for clinical applications (but first testing the effects 
of galvanic currents on his own head (Aldini, 1794), assessing the effects of galvanic 




depression) and reporting complete recovering after several weeks of treatment (Aldini, 
1804) (Fig. 1.5). 
 
Figure 1.5. Details from plate V in Aldini J, Essai théorique et experimental sur le galvanisme. It depicts 
the application of galvanic currents to Luigi Lanzarini’s head (From Parent, 2004). 
Aldini’s work marked the beginning of a new era for neurostimulation, and 
around 1880, German psychiatrists, the pioneers in electrotherapy at that time, tried to 
establish clear rules on the most beneficial application methods and doses. Between 
1870 and 1920, electrical medicine was so popular in the United States and Europe that 
the period is often referred to as the “golden age of electrotherapy” (Geddes, 1984; de 
la Peña, 2005). During this time, electricity was administered by medical practitioners 
(both mainstream and alternative) in offices and clinics but it was also widely used by 




States, at least 150 different companies sold their own brand of medical battery in this 
period (Wexler, 2017) (Fig. 1.6). 
 
Figure 1.6. An advertisement (1881, Frank Leslie's Newspaper) of a medical battery showing the price 
(3 $) and a wide variety of diseases that could be cured (From Wexler, 2017). 
However, the variation of procedures, the misunderstood effect of polarization 
and the variable results, led to the decline of the technique, and after the discovery of 
electroconvulsive therapy in the 1930s, fewer studies focused on weak DC currents. A 
brief return of subconvulsive stimulation took place between 1957 and late 60’s with 
the discovery of electroanesthesia and electrosleep (Kuzin et al., 1965; Brown, 1975), 
but side effects and probably the introduction of new psychiatric drugs led once again 
to the abandonment of the technique. However, after the influence of DC in the cerebral 
cortex was tested using transcranial magnetic stimulation (Priori et al., 1998; Nitsche 
and Paulus, 2000), the development of tES and the research about the mechanisms 





1.2 Transcranial electrical stimulation (tES) nowadays. 
During the last 20 years, more than 5.000 studies have appeared regarding tDCS 
(PubMed), and the interest in the technique is even increasing (Fig. 1.7). The objective 
of the present introduction is not to cover all the reported applications related with this 
technique, but to discuss some of the most relevant aspects related to this non-invasive 
technique as its neuromodulatory effects or associated brain mechanisms. 
 
Figure 1.7. Results of a PubMed search for the term “tDCS” at September 10th, 2019. Left: Total articles 
published per year. Right: Proportion of “tDCS” articles over 100.000 published papers in every year. 
Currently, it exists a wide variety of tES techniques (Bikson et al., 2019a), with 
tDCS and tACS being the most extended.  In these two tES techniques, an electrode is 
placed over the region of interest (termed active electrode) and another in a distant 
region (termed reference electrode). For tDCS, the current can be applied in two 
different polarities, denominated as anodal and cathodal stimulation depending if the 
active electrode positioned over the stimulated region act as an anode or as a cathode, 
respectively. Once the capacity of anodal and cathodal tDCS to modulate cortical 




Nitsche and Paulus, 2000), several studies explored the open possibilities by changing 
the site of stimulation (Grimaldi et al., 2016), electrode positions (Batsikadze et al., 
2019), intensity (Jamil et al., 2017), duration (Bikson et al., 2017) or number of 
electrodes acting as active or reference (Hill et al., 2017). Also, promising experimental 
results about tDCS are showing its capacity to improve a variety of neurological and 
psychiatric conditions such as epilepsy (Berenyi et al., 2012; Gschwind and Seeck, 2016; 
Regner et al., 2018), recovery after stroke (Notturno et al., 2014; Braun et al., 2016; 
Pikhovych et al., 2016), attention deficit hyperactivity disorder (ADHD) (Salehinejad et 
al., 2019), schizophrenia (Andrade, 2013; Reinhart et al., 2015a, 2015b; Pinault, 2017), 
ataxia (Grimaldi et al., 2014b; Benussi et al., 2015), autism (D’Urso et al., 2014; Gómez 
et al., 2017; Stoodley et al., 2017; Esse Wilson et al., 2018) and even creativity 
(Hertenstein et al., 2019). The wide range of combinations explored in the literature has 
the counterpart that, sometimes, it difficult the comparison between studies. For this 
reason, the standardization of methods and nomenclature become much necessary to 
increase reproducibility of the results (Bikson et al., 2019a). 
Among the cortical areas under investigation, we will focus on primary 
somatosensory (S1) and cerebellar (CrusI-II and Vermis) cortices modulation. S1 has 
been modulated with tES in an attempt to modulate sensory perception, thus, several 
studies have revealed that after cathodal S1-tDCS there is an increase of sensory and 
pain thresholds (Vaseghi et al., 2015), and during and after cathodal S1-tDCS there is a 
decrease in tactile discrimination (Rogalewski et al., 2004). Also, an improvement in 
tactile spatial acuity can be achieved after 20 min of 1 mA anodal S1-tDCS (Ragert et al., 
2008) and an improvement of tactile discrimination in stroke patients for dual-
hemisphere tDCS over S1 and S2 (Fujimoto et al., 2016). Animal studies also reported 
the ability of S1-tDCS to potentiate or depress the acquisition of classical eyeblink 
conditioning by the application of anodal or cathodal stimulation, respectively, 
suggesting that tDCS modulates the sensory perception process necessary for 
associative learning (Márquez-Ruiz et al., 2012). Besides, tACS was able to cause sub- or 
supra-threshold effects depending on the frequency of the applied current, thus 
frequencies between 30-200 Hz were able to induce motor evoked responses when 




stimulus evoked directly in S1 (Márquez-Ruiz et al., 2016). Summarizing, tES have shown 
promising results as a tool able to modulate sensory processing. 
Apart from cerebral cortex, other regions of the brain have been tested. Among 
them, the cerebellum is receiving increasing attention as an opportunity to modulate 
motor (Ammann et al., 2016) but also cognitive functions (Miterko et al., 2019). Celnik’s 
group have demonstrated the ability of cerebellar tDCS (Cb-tDCS) to improve motor skill 
learning by improving accuracy in the sequential visual isometric pinch task (Cantarero 
et al., 2015), or by fastening adaptation in a visuomotor transformation task (Galea et 
al., 2011). Also, Zuchowski and colleagues were able to increase and decrease 
conditioned response acquisition with anodal and cathodal tDCS, respectively, during 
eyeblink conditioning (Zuchowski et al., 2014), and other groups revealed the 
contribution of the cerebellum in verbal working memory (Boehringer et al., 2013) and 
predictive language processing (Miall et al., 2016; D’Mello et al., 2017) by means of Cb-
tDCS. 
Furthermore, tDCS es being used to indirectly modulate functionally connected 
regions of the brain. One of these circuits connect the cerebellum through the thalamus 
with the cerebral cortex. The Purkinje cells (PC) in the cerebellum exerts an inhibitory 
tone over M1 cortex that can be assessed with TMS in humans, a phenomenon termed 
cerebellar-brain inhibition (CBI). Human studies have shown that cathodal tDCS over the 
cerebellum resulted in a decrease of the inhibition whereas anodal tDCS increased it 
(Galea et al., 2009; Batsikadze et al., 2019). These results could be explained by the fact 
that the solely output from cerebellar cortex are the inhibitory PC. Thus, cathodal tDCS 
could decrease PC activity allowing deep cerebellar nuclei (DCN) to increase its firing 
rate, hence boosting the glutamatergic di-synaptic connection with the brain cortex, and 
vice versa for anodal tDCS. Other study measured the mismatch negativity (MMN), an 
evoked potential recorded in cerebral cortex in response to a rare “oddball” sensory 
stimuli, while tDCS was applied in the right cerebellar hemisphere, finding an increase 
in peak amplitude of somatosensory MMN after anodal tDCS and a reduction after 
cathodal tDCS (Chen et al., 2014). In addition, studies using functional magnetic 




connectivity of distant regions connected to the stimulated cerebellum (D’Mello et al., 
2017; Stoodley et al., 2017). Together, these studies demonstrate the capacity of tDCS 
to modulate interconnected regions of the brain. 
In addition to the stablished protocols, new tES methods are trying to improve 
some of the limitations with currently available techniques, demonstrating the 
feasibility to reach deeper structures or to increase stimulation intensity without 
proportionally increase scalp sensation. One approach consisted in the use of temporal 
interfering stimulation, allowing the modulation of hippocampal neurons without 
affecting the overlying tissue (Grossman et al., 2017), and another uses multiple pairs of 
electrodes sequentially applying short pulses that converge at specific brain regions, 
focusing the strongest modulatory effects in a spatially confined area (Vöröslakos et al., 
2018). 
1.3 Transcranial direct current stimulation (tDCS) mechanisms. 
As we have seen, electrical stimulation has been used from long time ago, but 
despite brief sprouts in popularity its use has not been widely accepted, probably due 
to the variability observed in the results (Horvath et al., 2015, 2016), and the gaps in 
knowledge about the mechanisms behind its effects. The simplicity of the technique led 
many clinical studies using tDCS to employ a simplistic dose strategy where excitability 
is always increased under the anode and decreased under the cathode, but the diffusion 
of electric currents across the different body tissues (Miranda et al., 2006) and the 
interaction with cellular activity has proven to be much more complex (Jackson et al., 
2016). For this reason, fine control over the variables affecting neuronal modulation 
must be achieved to understand how to properly modulate brain activity and associated 
behaviours. In order to manage this variability, animal model studies are usually needed. 
Animal models, including in vitro slice preparations, “encéphale isolé” 
preparations, and in vivo anesthetized or awake animal preparations, can cover a wide 
range of experiments with exquisite control of the variables and more or less proximity 




mechanisms underlying tES immediate effects (1) observed in neural activity when the 
external electric field is simultaneously applied, and the long-term effects (2) that 
persists when tES is no longer present. 
Early works applying weak DC stimulation directly over the brain surface 
indicated that anodal and cathodal stimulation lead to an increase and a decrease of 
neuronal excitability, respectively, and showed that the effects were related to changes 
in membrane potential (Creutzfeld et al., 1962; Purpura and McMurtry, 1964). At the 
same time, evidence appeared regarding long-term effects after 5 minutes or more of 
cortical electrical stimulation (Bindman et al., 1964), when no external currents were 
already affecting membrane potential (Fig. 1.8). 
 
Figure 1.8. Long-term effects observed in peak amplitude of the evoked potential in urethane-
anaesthetized rat S1. Increase (top) and decrease (bottom) in amplitude observed after anodal or 




Soon after that, by means of turtles isolated cerebellum, a characterization of 
the relationship between the applied electric field, cellular morphology and the effects 
of DC was made (Chan and Nicholson, 1986; Chan et al., 1988), showing that the electric 
field can modulate different compartments of the same neuron in different ways (i.e. 
depolarizing the soma but hyperpolarizing the dendrites). Then, several studies 
appeared in the 90’s showing the relevance of Calcium levels and AMPc, through 
adenosine receptors, for the long-term effects (Hattori et al., 1990; Islam et al., 1995a), 
and the relevance of NMDA receptors (Islam et al., 1995b). 
When the influential papers of Priori (Priori et al., 1998), and Nitsche and Paulus 
(Nitsche and Paulus, 2000) were published, a renovated interest in tDCS emerged and 
the knowledge of its mechanisms rapidly expanded (Jackson et al., 2016). In vitro studies 
revealed the basic principles of DC modulation, stating that externally applied electric 
currents lead to a current flow across the brain, resulting in local membrane 
hyperpolarization when the current goes into a membrane compartment (positive 
charges are repelled so the inner part of the membrane has more negative charges 
resulting in lower membrane potential), and current out of a membrane compartment 
results in local membrane depolarization (positive charges are attracted so the inner 
part of the membrane has more positive charges resulting in higher membrane 
potential) (Bikson et al., 2004; Kabakov et al., 2012; Kronberg et al., 2017). Also, several 
studies showed that different neuronal features such as the orientation of the 
somatodendritic axis with respect to the electric field (Bikson et al., 2004), the neuronal 
morphology (Radman et al., 2009) or the axonal orientation (Kabakov et al., 2012) are 
going to determine the overall modulation (Fig. 1.9), showing that purely depolarizing 





Figure 1.9. Idealized neurons representing the relationship between different neuronal features and 
tES impact on membrane polarization. The orientation and morphology of the different neuronal 
compartments (soma, dendrites and axon) with respect to the electric field determine whether the 
neuron will be net depolarized or hyperpolarized (From Liu et al., 2018). 
Furthermore, the complexity of the interaction between externally applied 
electric fields and neuronal activity has emerge due to in vitro and in vivo studies 
demonstrating the modulation of vesicle release probability at presynaptic terminals 
(Kabakov et al., 2012; Márquez-Ruiz et al., 2012; Bolzoni et al., 2013), and the 
implication of glial cells (Monai et al., 2016), neurotrophic BDNF (Ranieri et al., 2012), 
different receptors such as NMDA (Fritsch et al., 2010), mGluR5 (Sun et al., 2016), AMPA 
(Stafford et al., 2018; Martins et al., 2019) and adenosine (Márquez-Ruiz et al., 2012), 
together with the activation of early genes participating in protein synthesis (Holmes et 
al., 2016). 
Regarding long-term effects, measurement of neurotransmitters levels in 
humans with magnetic resonance spectroscopy (MRS) have repeatedly shown a 
decrease in GABA concentration after anodal M1-tDCS (Stagg et al., 2009; Bachtiar et 
al., 2018; Patel et al., 2019) and the involvement of GABA and glutamatergic 
concentrations after cathodal M1-tDCS (Stagg et al., 2009; Bachtiar et al., 2018; Patel et 
al., 2019). Meanwhile, no changes in neurotransmitters levels have been found after 
tDCS applied over posterior superior temporal gyrus nor cerebellum (Jalali et al., 2018; 




or to distinct mechanisms supporting the long-term effects depending on the stimulated 
region. 
Interestingly, a recent paper (Asamoah et al., 2019) even challenge the notion of 
tES directly affecting cortical neurons, at least for alternating currents (tACS). Instead, 
they propose a modulation of peripheral nerves as a presumable cause of the observed 
effects. This work stands out the idea that tES is so easy to apply that we need to know 
the mechanisms in depth to properly use it. 
In addition to the information about the mechanisms, animal models also 
provide an opportunity to define the safety limits of tES, validate computational models 
or explore new tES protocols and applications (Sánchez-León et al., 2018a). Although 
low-intensity currents are applied in humans, concerns about the technique may arise, 
especially when protocols try to increase intensity or duration, the number of 
stimulating sessions or when studies are performed in susceptible individuals (e.g., 
children). Several human trials have been conducted regarding this issue (Nitsche et al., 
2004; Kessler et al., 2013; Pirulli et al., 2014; Guarienti et al., 2015), however, the 
establishment of safety parameters for tES requires characterization of a lesion 
threshold, a dose-response curve, and the impact of electrical fields on molecular 
markers that mediate neuroinflammatory processes, for what human experiments 
cannot be done. It was not until 2009 that the first systematic study about safety aspects 
of tES was published. In this work, Liebetanz and colleagues evaluated the minimum 
current density (intensity/electrode surface area), as well as the minimum charge 
density (current density × time) necessary to cause tissue damage by epicranial tDCS in 
rats (Liebetanz et al., 2009). The authors estimated a charge density threshold of 52.400 
C/m2 for histological damage, two orders of magnitude above the charge densities 
usually applied in human studies (171 – 480 C/m2). Also, no detectable tissue lesion was 
observed below a current density of 28.6 A/m2, or between 142.9 and 287.0 A/m2 when 
the charge density was set below 52.400 C/m2, again very far away from current 
densities usually applied in humans (2 A/m2). A more recent study (Jackson et al., 2017) 
in rats reported similar results, with a histological lesion threshold for a current density 




responses with density currents below established lesion thresholds have been 
observed, consisting of an upregulation of the innate immune response after both 
anodal and cathodal stimulation, as well as an increased number of neural stem cells 
(Rueger et al., 2012), highlighting the relevance of animal models to understand all 
possible effects of tES. 
1.4 Sensory evoked potentials (SEPs) in animal models. 
Besides tDCS promising results, the variability usually observed in human studies 
reflects the need for a better understanding about the mechanisms governing tDCS 
effects in vivo. For this reason, the work performed in the present Doctoral Thesis aims 
to bridge the gap between the highly controlled experiments of in vitro studies and the 
highly variable results from human studies. In this regard, event-related potentials 
(ERPs), which represent an evoked extracellular measure of neuronal activity generated 
by a population of nearby neurons, allow comparison between human and animal 
experiments (Modi and Sahin, 2017).  
We will focus in sensory evoked potentials (SEPs) which are ERPs evoked by 
sensory stimulation (Woodman, 2010). When different parts of the body are stimulated 
(touch, vibration, electricity…) tactile information is send to the central nervous system 
where it reaches a wide variety of regions in which it will be processed (Bosman et al., 
2011). Some of the regions receiving abundant sensory information are the S1 and 
cerebellar CrusI-II region. 
 
1.4.1 Somatosensory cortex (S1). 
In rodents, the whisker-related S1 has received considerable attention. The 
region receiving whisker information is arranged in a well-defined shape called “barrel 
cortex”, which occupy a large portion of the rodent brain and is somatotopically 
organized in an almost identical fashion to the distribution of the whiskers on the snout 
(Woolsey and Van der Loos, 1970; Petersen, 2007) (Fig. 1.10). Furthermore, rodent 




et al., 2015), goal-directed behaviours (Yamashita and Petersen, 2016) or the crucial 
issue of its state-dependency of sensory processing (Castro-Alamancos, 2004). 
 
Figure 1.10. Schematic representation of mice whiskers somatosensory system. a) Neurons whose cell 
bodies reside in the trigeminal ganglion transmit sensory information from each individual whisker (a) 
to the rostral principal nucleus (PrV, a part of the trigeminal nucleus) in the hindbrain (b). The whiskers 
somatotopic map is arranged in barrelettes in the hindbrain that send their axons to contralateral 
sensory thalamus to innervate the ventroposterior nucleus (VPN) forming the barreloids (c). Finally, 
thalamocortical axons innervate S1 barrel cortex maintaining the somatotopy (d) (From Zembrzycki et 
al., 2013). 
In behaving animals, SEPs in S1 can be recorded after tactile or electrical 
stimulation of the whiskers (Castro-Alamancos and Oldford, 2002; Márquez-Ruiz et al., 
2012; Le Merre et al., 2018) and tDCS have shown its ability to modulate the amplitude 
of this SEP in a polarity and intensity-dependent manner (Márquez-Ruiz et al., 2012, 
2016). This results have also been confirmed in humans, where an increase of SEP 
amplitude is observed after anodal stimulation of S1 (Sugawara et al., 2015) or M1 
(Matsunaga et al., 2004), and a decrease in amplitude is observed after cathodal tDCS 
over S1 (Dieckhöfer et al., 2006; Vaseghi et al., 2015). Furthermore, the studies by 




they reported SEP amplitude changes just for anodal (Matsunaga et al., 2004) or 
cathodal (Dieckhöfer et al., 2006) tDCS. Nonetheless, the measures of cortical 
excitability are explored after tDCS and not during stimulation, so it cannot be ruled out 
the possibility of an immediate effect of tDCS with absence of long-term changes after 
stimulation.  
1.4.2 Cerebellum. 
The basic cellular composition of the cerebellum was determined well over a 
century ago (Ramon y Cajal, 1909), and its structural and functional organization it is 
well-stablished (Voogd and Glickstein, 1998; Cerminara et al., 2015; Eccles, 1976), 
pointing to the PC as a fundamental part of the network and the solely output from 
cerebellar cortex. The adult mammalian cerebellum is anatomically segmented into ten 
primary lobules separated from one another by a series of fissures (Larsell, 1952) (Fig. 
1.11). However, although all lobules contain the same canonical microcircuit, each part 
of the cerebellum is related with different regions of the cerebral cortex (Buckner et al., 
2011). 
The cerebellum have been traditionally associated with motor learning and 
coordination (Ito, 2002), but the evidence accumulated points to an involvement in 
sensorimotor and cognitive functions too (Schmahmann and Sherman, 1998; 
Schmahmann, 2001; Ramnani, 2006; Bostan and Strick, 2018). Particularly, CrusI-II 
lobules of the cerebellar cortex have been associated with sensory processing (Bower 
and Woolston, 1983; Bengtsson and Jörntell, 2007; Márquez-Ruiz and Cheron, 2012) in 
a close relation with prefrontal and S1 cortices (Ramnani, 2006; Miall et al., 2016; 
Stoodley et al., 2017), and fMRI studies have shown some evidence that anodal tDCS 






Figure 1.11. Schematic representation of cerebellar lobules (left) and main cerebellar circuit (right). 




In behaving animals, after tactile or electrical stimulation of the whiskers, a SEP 
is also recorded in CrusI-II (Mapelli and D’Angelo, 2007; Roggeri et al., 2008; Márquez-
Ruiz and Cheron, 2012) with several components that reflect inputs from the trigeminal 
ganglion and from cerebral cortex (Morissette and Bower, 1996; Brown and Bower, 
2002) (Fig. 1.12). 
 
Figure 1.12. Schematic simplification of the mice whisker circuit connecting somatosensory and 
cerebellar cortices. Sensory information from whiskers is conveyed through Tn in the midbrain (black 
trace) to cerebellar CrusI-II by two different pathways (orange traces); a direct input comes from Tn 
and an indirect afference arrives from S1 (through pontine nucleus (orange dotted line), not showed in 
the figure). Also, CrusI-II projects back to S1 through deep cerebellar nuclei (not showed in the figure 
(green dotted line)) and Th. Abbreviations: Somatosensory cortex (S1), thalamus (Th), trigeminal 
ganglion (Tg) and trigeminal nucleus (Tn). 
Also, it is known that S1 is highly interconnected with the cerebellum 
(Schmahmann, 2001; Ramnani, 2006; Buckner et al., 2011). S1 information can reach 
the cerebellar cortex by its two inputs, from the mossy fibers through the pontine 
nucleus (Allen et al., 1979; Leergaard et al., 2000; Nagao, 2004; Odeh et al., 2005) and 
from the climbing fibers through the inferior olive (Swenson et al., 1989; Lawrenson et 
al., 2016). Also, the cerebellum projects to S1 through the thalamus (Proville et al., 
2014), closing the loop between this two areas. 
For these reasons, in the present Doctoral Thesis we will mainly focus in the 
analysis of SEPs evoked in S1 and CrusI-II and the ability of tDCS to modulate them 




neurotransmitters levels will be carried out by the analysis of GAD65-67 (enzyme that 
catalyzes the decarboxylation of glutamate to GABA) and vGlut1 (protein bound to 
vesicles transporting glutamate) levels, and the detailed effects of tDCS will be explored 





























tDCS is a non-invasive neuromodulation technique that is being applied to induce 
changes in neuronal excitability. Typical protocols consist in the application of several 
minutes of non-invasive weak electric currents to the scalp through strategically 
positioned electrodes. The technique began to gain popularity about 20 years ago when 
its neuromodulatory effects over the human motor cortex were demonstrated, 
consisting in an increase or a decrease (depending on the electrodes polarity) of cortical 
excitability during the administration of tDCS and, perhaps most importantly, lasting 
several minutes after stimulus cessation. Since then, there have been an increasing 
interest from clinicians and neuroscientists and it have been used to alter psychological, 
motor, and behavioural processes, as well as clinical symptoms in neurological and 
psychiatric diseases. However, despite promising results, a lot of variability is observed 
in human experiments, with subjects showing no response or even contradictory results. 
Thus, for tDCS to be used effectively, it is crucial to properly understand the physiological 
mechanisms of action. These have been increasingly elucidated during the last years, 
but it is still necessary to address several critical gaps in our knowledge. In this way, 
animal models can help to disentangle the physiological mechanisms associated to this 
type of neuromodulation. 
For these reasons, the general aim of this study was to examine and characterize 
the effects and mechanisms behind the neuromodulation of tDCS in S1 and cerebellar 
cortices in mice. For this purpose, the following specific objectives were addressed 
experimentally: 
1- Characterize the effects of tDCS applied over S1 by 
electrophysiological and immunohistochemical analysis of S1. 
2- Determine the effects of tDCS applied over lateral cerebellum by 
electrophysiological and immunohistochemical analysis of the cerebellar cortex. 
3- Investigate the immediate effects of tDCS on single-cell activity, 
focusing on the relationship between somatodendritic axis orientation and 
modulation of firing activity. 
4- Explore the effects of tDCS applied over lateral cerebellum by 
electrophysiological and immunohistochemical analysis of S1. 

















3 Materials and methods   








Experiments were carried out on adult males C57 mice (University of Seville, 
Spain) weighing 28–35 g. Before and after surgery, the animals were kept in the same 
room but placed in independent cages. The animals were maintained on a 12-h light/12-
h dark cycle with continuously controlled humidity (55 ± 5%) and temperature (21 ± 1 
°C). All experimental procedures were carried out in accordance with European Union 
guidelines (2010/63/CE) and following Spanish regulations (RD 53/2013) for the use of 
laboratory animals in chronic experiments. In addition, these experiments were 
submitted to and approved by the local Ethics Committee of Pablo de Olavide University 
(Seville, Spain). 
3.2 Experimental groups. 
A total of four sets of experiments were carried out in the present doctoral thesis. 
The first set (Set 1, n = 43) consisted on the characterization of tDCS effects over S1 
cortex by electrophysiological and immunohistochemical methods. In the second set 
(Set 2, n = 111) tDCS was applied over lateral cerebellum and the modulation of the 
cerebellar cortex was assessed by electrophysiological and immunohistochemical 
means. The next group was very similar to Set 2, but with tDCS being applied over 
cerebellar Vermis (Set 3, n = 27) for single-cell recordings and juxtacellular labeling. 
Finally, tDCS was applied over lateral cerebellum but the electrophysiological and 
immunohistochemical analysis were carried out in S1 (Set 4, n = 66). 
3.3 Surgery. 
Animals were anesthetized with a ketamine–xylazine mixture (Ketaset, 100 
mg/ml, Zoetis, NJ., USA; Rompun, 20 mg/ml, Bayer, Leverkusen, Germany) at an initial 
dosage of 0.1 ml / 20 g. Animals were prepared for chronic electrophysiological 
recordings in cerebral (S1) and cerebellar (CrusI-II and Vermis) cortices during 
simultaneous tDCS. 
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Under aseptic conditions, an anteroposterior (AP) incision in the skin along the 
midline of the head, from the front leading edge to the lambdoid suture, was performed. 
The skull covering the cerebellum was exposed by retracting the muscles over the 
occipital bones. Subsequently, the periosteum of the exposed surface of the skull was 
removed and washed with saline. The animal’s head was correctly positioned to mark 
the position of Bregma as stereotaxic cero. 
For tDCS administration in Set 1, 2 and 3 experiments, custom-made silver ring-
electrodes were manufactured. A silver wire (ø: 635 µm; A-M Systems, WA., USA) was 
cut into pieces of 1 cm length and one end was curved and welded to form a close loop. 
Subsequently, this end was pressed with pliers to flatten the surface and create a 2.5 
mm inner ø, 3.5 mm outer ø stimulation surface that was chlorinated. In order to 
insulate the wire, the electrode was introduced into a flexible tubing (inner ø: 0.508 mm; 
outer ø: 0.939 mm; wall thickness: 0.215 mm; Silicone Tubing, A-M Systems), exposing 
both ends. The silver ring-electrode was soldered to a connector pin. 
Depending on the experiment, the silver ring-electrode, which acted as the active 
electrode for tDCS, was placed over the skull centered on the right S1 barrel cortex 
(antero-posterior = − 0.9 mm; Lateral = -3 mm; relative to bregma (Paxinos and Franklin, 
2004) (Set 1, Fig. 3.1A)), on the left CrusI-II (antero-posterior = − 6 mm; Lateral = +2 mm; 
relative to bregma (Paxinos and Franklin, 2004) (Set 2, Fig. 3.1B)) or on the cerebellar 
Vermis (Antero-posterior = − 6 mm; Lateral = 0 mm; relative to bregma (Paxinos and 
Franklin, 2004) (Set 3, Fig. 3.1C)). The tDCS active electrode was covered with dental 
cement (DuraLay, Reliance dental Mfg. Co., Ill., USA) making sure not to pour it between 
the electrode and the skull. After that, a hole (2 mm ø) was drilled in the bone inside the 
ring-electrode to expose the cortex. The dura mater surface was sealed with wax bone 
(Ethicon, Johnson & Johnson, NJ., USA) until recording sessions. 
For Set 4 (Fig. 3.1D) and those experiments where the brains had to be processed 
for immunohistochemical analysis, the active electrode for tDCS was a polyethylene 
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tubing (inner ø: 2.159 mm; outer ø: 0.325 mm; wall thickness: 0.546 mm; A-M Systems) 
placed over the stimulated region. No trepanation was made to avoid tissue damage. 
 
 
Figure 3.1. Experimental design for in vivo electrophysiology in the awake mice. A) Preparation for 
experiments of Set 1 with concurrent tDCS and recordings on S1 cortex. B) Preparation for experiments 
of Set 2 with concurrent Cb-tDCS and recordings on CrusI-II. C) Preparation for experiments of Set 3 
with concurrent Cb-tDCS and single-cell recordings on Vermis. D) Preparation for experiments of Set 4 
with Cb-tDCS over lateral cerebellum and recordings on S1 cortex. 
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A silver electrode (ø: 381 µm, A-M Systems) was used as electrical reference for 
all the experiments. It was cut into pieces of 1 cm length, a loop (2 mm ø) was made at 
one end to facilitate posterior grasping by the amplifier equipment and the opposite end 
of the electrode was braided and filed to avoid damaging the dura mater. Then, it was 
placed over the dura surface under the left parietal bone (Antero-posterior = − 0.9 mm; 
Lateral = + 3 mm; relative to bregma (Paxinos and Franklin, 2004)). 
Finally, a head-holding system consisting of three bolts screwed to the skull and 
a bolt placed over the skull upside down and perpendicular to the frontal plane was 
implanted to allow the head fixation during the experiments. All the holding system was 
cemented to the skull. 
3.4 In vivo experiments. 
3.4.1 Head immobilization. 
Recording sessions began at least two days after surgery. The animals were 
placed over a treadmill with an infrared sensor that enable the measurement of 
locomotion activity, and the head was fixed to the recording table by means of the 
implanted head-holding system. Bone wax was removed with the aid of a surgical 
microscope (SMZ-140, Motic, Barcelona, Spain) and the cortical surface was carefully 
cleaned with super fine forceps (Dumont #5, FST, Heidelberg, Germany) and cotton 
swab without damaging the dura mater. 
3.4.2 Whiskers stimulation. 
To elicit the whisker stimulation, an electrical shock was subcutaneously 
delivered by a pair of flexible steel electrodes (Strand ø: 50.8 µm; Coated ø: 228.6 µm; 
A-M Systems) inserted under the skin of the left whisker pad with the help of a needle 
(25 G) and with a separation between them of 2-3 mm. The electrical stimulus consisted 
on a single square pulse (0.2 ms; 0.5-3 mA) delivered by an isolation unit (CS20, Cibertec, 
Madrid, Spain) connected to a stimulator device (CS420, Cibertec). 




All experiments were carried out with an amplifier (BVC-700A, Dagan 
corporation, MN., USA) connected to a dual extracellular-intracellular headstage (8024). 
The recording electrodes consisted on glass micropipettes (Outside ø: 2.0 mm; Inner ø: 
1.6 mm; length: 15 cm, with inner filament; A-M Systems, WA., USA) manufactured by 
pulling the glass capillary with a vertical pipette puller (Model PE-22, Narishige, Japan) 
and, subsequently, breaking the tip under an optical microscope to obtain tips with an 
appropriate diameter. 
For SEP recordings, a micropipette with a tip diameter between 8-10 μm was 
filled with 3 M NaCl, mounted on a micromanipulator (MO-10, Narishige) and placed 
over the recording area. In order to map the SEP, the electrical stimulus was delivered 
at the whisker pad every 10 ± 2 s, the micropipette was lowered, and the current 
intensity adjusted until the maximum amplitude SEP was achieved. Then, the current 
intensity of whisker electrical pulses was decreased as to elicit a SEP with half of the 
maximum amplitude to allow the observation of an increase or decrease of its 
components during and after tDCS intervention. 
For single-cell activity, a micropipette with a tip diameter between 1-2 μm was 
filled with 3 M NaCl, mounted on a micromanipulator (MO-10, Narishige) and placed 
over the recording area. The electrode was slowly lowered at ~2 μm/s and spikes were 
detected based on visual (2002C and 2004C, Tektronix, OR., USA) and auditory (Audio 
monitor 3300, A-M Systems, WA., USA) cues. Once the spiking activity was detected, the 
micropipette tip was advanced very slowly to properly isolate and identify just one 
neuron in the recorded signal. 
3.4.4 Juxtacellular labeling. 
The procedure was similar to that of single-cell recordings except that the 
micropipette was filled with 2% Neurobiotin (SP-1120, Vector Laboratories, CA., USA) in 
0.5 M NaCl, the tip was immersed in Dil (Vybrant Dil cell-labeling, V22885, Thermo Fisher 
Scientific, Mass., USA) and the impedance was periodically checked to assure that it was 
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between 4–12 MΩ. With the headstage in extracellular mode (because of the higher 
gain) and after single-cell activity was isolated, the micropipette tip was advanced until 
the negative spikes (extracellular recording) became positive spikes (juxtacellular 
recording) with an amplitude of at least 600 µV. Then, the headstage was switched to 
intracellular mode to juxtacellularly label the neuron following the method described by 
Pinault (Pinault, 1996) (Fig. 3.2). Briefly, the technique consists in the modulation of the 
firing rate by passing positive current pulses (200 ms ON/OFF) of increasing intensities 
(1-10 nA) through the micropipette tip. After a delay of a few seconds, the electrical 
properties of the recorded neuron suddenly and significantly change, increasing its firing 
rate and broadening the spike waveform. From this critical moment, pulse intensity is 
lowered to prevent cellular damage and the modulation was maintained from several 
seconds to minutes in order to fill the neuron with neurobiotin.   
 
Figure 3.2. Experimental protocol for juxtacellular labeling. Spontaneous activity of an isolated 
cerebellar neuron (lower trace) showing the firing rate modulation during the current pulses delivered 
through the micropipette tip (top trace). 
3.5 tES. 
The different protocols for transcranial currents were designed in Spike2 
(Cambridge Electronic Design (CED), Cambridge, U.K.) and sent to a battery-driven linear 
stimulus isolator (WPI A395, World Precision Instruments, FL., USA) through an analog 
output from the acquisition board (CED micro1401-3; CED). They were applied between 
the active electrode (custom-made ring-electrode or polyethylene tubing) over the scalp 
(S1, lateral cerebellum or Vermis) and a reference electrode consisting on a rectangle 
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rubber (6 cm2) attached to the back of the mice and moisten with electrogel (E10, 
Electro-Cap International, OH., USA) (Fig. 3.3). 
 
Figure 3.3. Representative picture of the experimental set-up showing the glass micropipette over 
cerebellum and the reference electrode for tDCS in the back of the animal (attached with adhesive 
tape). 
In experiments where the polyethylene tubing was used as tDCS active 
electrode, the tubing was filled with electrogel and the electrode from the stimulus 
isolator was directly immersed on it. 
3.5.1 Measurement of intracranial electric fields. 
To measure the actual voltage changes intracranially elicited, sinusoid waves of 
1 Hz alternating current were delivered at ± 2, ± 20 and ± 200 μA (current densities: ± 
0.0426, ± 0.426 and ± 4.26 mA/cm2). Every sinusoid wave lasted 10 seconds and was 
randomly repeated three times. Measurements with glass micropipette were repeated 
at different depths, ranging from cortical surface until 4 mm below, in 1 mm steps. 
3.5.2 tDCS immediate effects. 
To characterize the direct effects of the electric current and avoid plasticity 
changes, alternating trials of 5-10 s anodal and cathodal tDCS at different intensities (50, 
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100, 150, 200 or 300 μA), with an additional 5 s ramp-up and 5 s ramp-down, were 
applied, separated by 10 s of non-stimulation. When more than one intensity was used, 
trials with different intensities were randomly distributed. 
3.5.3 tDCS long-term effects. 
To index long-lasting changes, tDCS was delivered during 20 min at 200 μA for 
cathodal and 150 μA for anodal stimulation (due to amplifier noise issues with higher 
currents) over S1 for Set 1, during 20 min at 200μA for cathodal and anodal over lateral 
cerebellum for Set 2, and during 20 min at 300 μA for cathodal and anodal over lateral 
cerebellum for Set 4. 
3.6 Tissue processing. 
For fluorescence immunohistochemistry, mice received 20 minutes of 
stimulation at 200 µA (either anodal, cathodal or sham), and were deeply anesthetized 
15 min after tDCS cessation with ketamine–xylazine mixture (Ketaset, 100 mg/ml; 
Rompun, 20 mg/ml) and perfused transcardially with 0.9% saline followed by 4% 
paraformaldehyde (PanReac, Barcelona, Spain) in PBS. The brains were removed and 
stored in 4% paraformaldehyde for 24 hours, cryoprotected in 30% sucrose in PBS the 
next 48 hours, and then cut in coronal sections (50 μm) with a freezing microtome 
(CM1520, Leica, Wetzlar, Germany). Sections were processed “free-floating” and passed 
through all procedures simultaneously to minimize differences in immunohistochemical 
staining. After three washes of 10 min with PBS, sections were blocked with 10% Normal 
Donkey Serum (NDS, 566460, Merck, Darmstadt, Germany) in PBS with 0,2% Triton X-
100 (Sigma-Aldrich, Mo., USA) (PBS-Tx-10% NDS) and then incubated overnight at room 
temperature in darkness with the primary antibody solution containing mouse anti-
vesicular Glutamate Transporter 1 (vGlut1, 1:1000, MAB5502, Merck) or rabbit anti-
Glutamate Decarboxylase 65&67 (GAD65-67, 1:1000, AB1511, Merck). After three 
washes with PBS, sections were incubated for 1 hour at room temperature in darkness 
with appropriate secondary antibodies: Alexa Fluor 488 donkey anti-mouse IgG (H+L) 
(1:400, A21202, Thermo Fisher Scientific) or Alexa Fluor 555 donkey anti-rabbit IgG (H+L) 
(1:400, A31572, Thermo Fisher Scientific), in PBS-Tx-5% NDS. After three washes with 
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PBS, sections were mounted on glass slides and coverslipped using Dako Fluorescence 
Mounting Medium (Dako North America, CA., USA). 
For neurobiotin-labeled neurons, brains were equally processed as for 
fluorescence immunohistochemistry, but the coronal sections were 60-70 μm width. 
After three washes, sections containing neurobiotin-labelled neurons were blocked with 
10% NDS and then incubated overnight at room temperature in darkness with 
Streptavidin (1:200, Streptavidin DyLight 488 conjugated, Thermo Fisher Scientific) in 
PBS with 1% Tx. After three washes with PBS, sections were mounted on glass slides and 
coverslipped using Dako Fluorescence Mounting Medium. 
For confocal imaging, an in vivo confocal microscope (A1R HD25, Nikon, Tokyo, 
Japan) was used. Z-series of optical sections (usually 0.5 μm apart) were obtained using 
the sequential scanning mode.  
3.7  Data analysis. 
3.7.1 In vivo electrophysiology. 
Recording and monitoring signals from the amplifier, tDCS converted signals, 
infrared sensor signals from wheel motion and 1-V rectangular pulses corresponding to 
whisker electrical stimulation presented during the different experiments were digitally 
stored on a computer for quantitative off-line analysis. Collected data were sampled at 
25 kHz for SEP and unitary recordings, with an amplitude resolution of 16 bits (CED 
micro1401-3; CED, Cambridge, U.K.). The remaining non-neuronal signals were sampled 
at 5 kHz. 
Spike2 (CED) and Matlab 2015a (MathWorks Inc., MA., USA) software was used 
to quantify peak-amplitude and latency of SEPs components. These measurements were 
used as an index of the synaptic response. 
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SEP amplitude was computed by the Spike2 command peak-to-peak 
measurements, where the maximum negative voltage value of every trough was 
subtracted from the maximum positive voltage value of the preceding peak. SEP latency 
was determined as the time from whisker stimuli to the maximum negative peak value. 
Given the dramatic decrease in some SEP’s components amplitude while the animal was 
running, the SEPs coincident with animal running were removed, as well as those 
coincident with electrical artifacts. 
3.7.2 Analysis of intracranial electric fields. 
To estimate the electric field strength during tDCS, “DC remove” process from 
Spike2 was applied (with a time constant of 0.5 s) to correct for possible baseline drifts 
unrelated to stimulation and set the channel offset to zero. From every sinusoid wave, 
the peak-to-peak value (electric potential) from the LFP evoked by tES was measured 
and averaged for a given intensity and depth. Finally, the electric field strength 
(differences between potentials) for every intensity was calculated by computing the 
difference in peak-to-peak values between two consecutive depths (1 mm in distance). 
3.7.3 tDCS immediate effects. 
For tDCS immediate effects experiments, SEPs induced by left whisker-pad 
stimulation were recorded 1 s before tDCS ramp-up (control) and 1 s before tDCS ramp-
down (immediate effects). For every tDCS trials, amplitude values during tDCS were 
normalized (dividing them by the immediately preceding control value and multiplying 
by 100) , and latency values were normalized subtracting them by the latency value of 
the preceding control SEP. These data were averaged per tDCS polarity and per intensity 
and compared. 
3.7.4 tDCS long-term effects. 
For tDCS long-term effects experiments, SEPs induced by left whisker-pad 
stimulation (delivered every 10 ± 2 s) were applied for 20 min before (control), 20 min 
during, and 60 min after tDCS. SEPs waveform were averaged every 5 minutes intervals 
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and, for comparison between animals, amplitude values were normalized dividing them 
by the mean of the baseline values (control condition, before tDCS) and multiplying by 
100. Using this normalization, the baseline values are always close to 100 % but the 
variance is the same as in the raw data. For latency normalization, latency values before, 
during and after tDCS were subtracted by the mean of the baseline (control period) 
values. 
3.7.5 Single-cell activity. 
For single-cell recordings analysis, only well isolated spikes, with high signal-to-
noise ratios were considered. A “DC remove” process (time constant (s): 0.001-0.0004) 
was applied to reduce DC level drifts, and spikes were detected based on threshold-
crossing algorithm of Spike2 software. All spikes were visually confirmed and PC were 
identified as such if complex spikes (CS) were observed and had at least a 10-40 ms 
pause in simple spikes (SS) after CS occurrence. Subsequently, each neuron was analyzed 
as follow: 
 
- Averaged waveforms were obtained from unprocessed data. For control 
condition, the 5 s before tDCS ramp-up were considered, and for tDCS condition the 5 s 
before anodal or cathodal tDCS ramp-down were computed. 
- Peristimulus time histograms showing the number of spikes per bin (bin size: 
0.1 s) were aligned with tDCS ramp-up and expressed as frequency in Hz. Frequency was 
normalized and standardized (Z-score= 
𝑋−µ
𝜎
) with respect to the average frequency of 
the five seconds before anodal and cathodal tDCS ramp-up. 
- Average frequency in five second windows were computed before tDCS ramp-
up, during tDCS (5 s before tDCS ramp-down begins) and after tDCS (5 s after tDCS ramp-
down ends) for statistical analysis. 
- All neurons that showed statistical differences during anodal or cathodal tDCS 
with respect to control period were sorted in different groups based on the direction of 
modulation. One group gathered all non tDCS-modulated neurons, other 4 groups were 
made for neurons modulating with anodal and cathodal tDCS and another 4 groups for 
neurons modulating with anodal or cathodal tDCS (Table 1). 
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Table 1. Groups gathering all kind of neuronal modulation observed 











No-modulation group No-modulation No-modulation 
 
- To compare the strength of the modulation for the same neuron with different 
tDCS intensities, the firing frequency in a 5 s window during tDCS was divided by the 
firing frequency in a 5 s window before tDCS ramp-up, for every intensity. 
- For neurobiotin-labeled neurons, the deviation of the somatodendritic axis with 
respect to the active electrode was calculated by measuring the angle between the 
neuronal axis and an imaginary line perpendicular to the active electrode. 
3.7.6 Fluorescence immunohistochemistry. 
Confocal images were processed in ImageJ (https://imagej.nih.gov/ij/) with the 
image processing package Fiji (http://fiji.sc/Fiji) using a custom-built macro. The process 
consisted on: 
- Subtract fluorescence background noise: five square regions of interest (ROI) of 
30x30 pixels (26.22 μm2) were placed over unlabeled nuclei in each image, and the 
obtained maximum brightness average was set as the minimum value for “setTreshold”, 
so the pixels with values lower than the average are considered as non-fluorescent. 
Then, a copy of the image is converted to binary to visually validate the procedure, and 
all the process is repeated until the threshold properly discriminate our signal from the 
noise.  
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- Analyze particles: five square ROIs of 100x100 pixels (291.31 μm2) were 
randomly placed over regions absent of nuclei or unspecific noise (as for example blood 
vessels). Each image inside the ROI was converted to binary and the “Analyze Particles” 
command was used to count and measure aggregates of vGlut1 and GAD65-67. Particles 
were sorted as small (size = 10-25), medium (size = 26-46) or big (size = 47-100) and 
averaged together to obtain one value per hemisphere per animal. 
3.7.7 Statistical analysis. 
SigmaPlot 11.0 (Systat Software Inc, CA., USA) or Matlab 2015a (MathWorks Inc.) 
were used for statistical analysis. For tDCS immediate effects experiments, statistical 
significance of differences between groups was inferred by unpaired Student’s t-test in 
Set 2 and Set 4. The non-parametric Wilcoxon Signed Rank test was applied for 
comparison when data did not permit normality assumption. For Set 1, because all 
animals received all treatments, a two-way repeated-measures analysis of variance 
(ANOVA) was performed, with CURRENT INTENSITY (50, 100, 150 or 200 μA) and 
POLARITY (Anodal or Cathodal) as within-subject factors, and the post hoc Holm-Sidak 
test for multiple comparisons. 
For tDCS long-term effects experiments, the comparisons were made within 
tDCS conditions (anodal, cathodal or sham) and between tDCS conditions. A one-way 
repeated-measures ANOVA was performed to infer statistical differences within groups 
with TIME (temporal periods of 5 minutes each: one time point for control, four time 
points during tDCS/sham and twelve time points after tDCS/sham) as main factor, and 
the post hoc Holm-Sidak test for multiple comparisons versus control group. The non-
parametric Friedman Repeated Measures Analysis of Variance on Ranks was applied for 
comparison when data did not permit normality assumption. For comparisons between 
conditions, statistical significance of differences was inferred by unpaired Student’s t-
test between each pair of temporal periods (5 minutes). The non-parametric Mann 
Whitney U test was applied for comparison when data did not permit normality 
assumption. 
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For single-cell recordings, statistical comparison was inferred by paired Student’s 
t-test. Neural activity of each neuron was binned in 100 ms epochs, and statistical 
comparisons were made between a firing frequency baseline window of 5 s before tDCS 
ramp-up, during 5 s windows before tDCS ramp-down begins and 5 s windows after tDCS 
ramp-down ends. The non-parametric Wilcoxon signed-rank test was applied for 
comparisons when data did not permit normality assumption. 
For immunohistochemical experiments, statistical comparison for fluorescence 
levels was inferred by a two-way mixed ANOVA with BRAIN HEMISPHERE (non-
stimulated vs stimulated hemisphere) and tDCS POLARITY (anodal, cathodal or sham) as 
within-subject factors in Set 1 experiments, and two-way repeated-measures ANOVA 
with BRAIN HEMISPHERE (non-stimulated vs stimulated hemisphere) and tDCS 
POLARITY (anodal, cathodal or sham) as within-subject factors in Set 2 and Set 4 
experiments. The post hoc Bonferroni test was applied for multiple comparisons. 
Statistical significance was set at p < 0.05 in all cases. 
 
  































4.1 tDCS modulation of S1. 
In the first set of experiments (Set 1), we characterize the effects of tDCS on S1. 
For that, the following experiments were performed: 
 
- Firstly, the SEP recorded in S1 in response to whisker electrical stimulation was 
characterized: defining its components, assessing its variability across cortical layers and 
the relationship with the current intensity applied to the whisker. 
- Then, the electric field imposed in the brain by tES was determined, and the 
electric field strength in the recording area was extrapolated. 
- After that, the modulation produced by tDCS on SEPs was evaluated to test the 
immediate effects (15 s of tDCS, including 5 s ramp-up and 5 s ramp-down) and the long-
term effects (during 20 minutes of tDCS and 1 hour after). 
- Finally, the long-term impact of tDCS on excitation/inhibition balance was 
assessed by immunohistochemical methods, measuring GAD65-67 and vGlut1 levels. 
4.1.1 SEPs characterization in S1.  
To get a representative electrophysiological marker of neuronal excitability, S1-
SEPs were characterized in alert mice (Fig. 4.1A). Electrical whisker stimulation evokes a 
SEP in the contralateral S1 barrel cortex (Fig. 4.1B) that mainly consists of three well 
defined components: the first positive component (P1) peaking at 3.8 ± 0.2 ms (mean ± 
SEM, n = 10 mice), followed by a negative deflection (N1) at 12.6 ± 1.2 ms (mean ± SEM, 
n = 10 mice), and finally a positive component (P2) peaking at 26.2 ± 2.8 ms (mean ± 








Figure 4.1. Characterization of SEPs in S1 cortex. A) Experimental design of Set 1 experiments with 
concurrent tDCS and recordings on S1 cortex. B) Profile of sensory evoked potential by whisker 
electrical stimulation (n = 10 mice) showing the different components (P1, N1 and P2). C) S1-SEP depth 
profile. Every trace corresponds to an average of 10 SEPs recorded at different depths for a 
representative mouse. D) S1-SEP intensity profile. Every trace corresponds to an average of 10 SEPs 
recorded at the same location (0.8 mm depth) but with different intensities of whisker electrical 
stimulation for a representative mouse. E) Quantification of the amplitude change in N1 component of 
SEPs regarding intensities applied to whisker electrical stimulation. Data normalized with respect 
maximum amplitude recorded at 4 mA (n = 3 mice). F) Comparison of S1-SEPs for different intensities 
applied to whisker stimulation obtaining maximum N1-amplitude (black trace, n = 10), and 50% of the 
maximum N1-amplitude (green trace, n = 10). 
The amplitude and latency of these components varied along the recording site 
across cortical layers (Fig. 4.1C) reaching a maximum amplitude between 0.8 – 1.4 mm 
depth (layers V-VI) and a polarity inversion at deeper recording sites. For this reason, 
during experimental sessions depth profile was obtained from all the participating mice 
selecting those recording sites where the amplitude of N1 was maximum. The final 
amplitude of N1 linearly depended on the intensity of the electrical stimuli applied to 
the whiskers (R2 = 0.925; n = 3 mice, Fig. 4.1D, E). For the experiments, the current 
intensity of whisker electrical pulses was adjusted to elicit a SEP with half of the 
maximum amplitude to allow an increase or decrease of its components during and after 
tDCS intervention (Fig. 4.1F). Finally, it was observed that N1 amplitude decreased or 
even disappeared when the animal was running, so those events were discarded from 
the analysis, as well as those coincident with electrical artifacts. 
4.1.2 Intracranial electric fields induced by S1-tDCS.  
tDCS effects are supposed to depend on the strength of the electric field gradient 
imposed along the brain tissue. For that, in a series of experiments, the actual electric 
field gradient was determined. Animals (n = 6) were prepared for chronic recording of 
S1-LFPs in alert condition during simultaneous application over S1 of low-frequency tACS 
(1 Hz) at different intensities (± 2, ± 20 and ± 200 μA). Differential recordings were 
obtained between the glass micropipette and a silver reference electrode placed over 
the contralateral dura and were sequentially performed every 1 mm from cortical 
surface to 4 mm depth with a 20° lateral angle (Fig. 4.2B). The figure 4.2 (B) shows the 
grand average obtained from recordings (unprocessed data) at different depths 




field decreased it magnitude in depth in a logarithmic manner for all intensities tested. 
The recorded electric field for all the animals is represented in figure 4.2 (C). 
To calculate the electric field imposed by tES at different intensities (50, 100, 150 
and 200 µA) in the recording site (S1-layer V-VI, 1 mm) we used a linear regression 
equation extracted from the relation between tACS-intensity and voltage difference (y 
= -0.4473 X - 0.731; R2 = 0.9949) for each depth (Fig. 4.2D). The calculated electric field 
strength induced by 50, 100, 150 and 200 μA at the recording site was 23.1, 45.5, 67.8 
and 90.2 V/m, respectively. 
 
Figure 4.2. Intracranial electric fields induced by S1-tDCS. A) Schematic representation of electric 
potentials recorded in S1 at different depths. B) tACS stimulation (top trace) applied over the scalp and 
grand average (n = 6 mice, unprocessed data) of the actual potentials generated at different depths 
(from 0 to 4 mm). C) Average (filled symbols) and individual (empty symbols) electric fields recorded at 
different depths for ± 2 (circles), ± 20 (squares) and ± 200 μA (triangles) tACS. D) Linear regression 




4.1.3 S1-tDCS immediate effects on S1-SEPs.  
To test the immediate effects of tDCS over neuronal activity and avoid the 
expression of long-term effects, SEPs were tested just before and during short-duration 
pulses (15 s, including 5 s ramp-up and 5 s ramp-down) of anodal and cathodal tDCS at 
different randomly distributed intensities (50, 100, 150 and 200 µA).  
For S1-SEPs during S1-tDCS, figure 4.3 (A) shows the averaged SEP (n = 30) during 
control (black trace), anodal (red trace) and cathodal (blue trace) tDCS applied at 50, 
100, 150 and 200 µA (density currents = 1.06 mA/cm2, 2.13 mA/cm2, 3.19 mA/cm2 and 
4.26 mA/cm2, respectively) for a representative animal. Mean data obtained from the 
group of animals participating in the experiment (n = 14) are represented in figure 4.3 
(B, amplitude; C, latency). Thus, anodal tDCS progressively increased the N1 amplitude 
of simultaneously recorded SEPs with increasing current intensity to a maximum of 41.5 
± 5.3 % at 200 µA whereas cathodal tDCS decreased the N1 amplitude a maximum of 
26.8 ± 4.4 % at 200 µA (Fig. 4.3B). The normalized amplitudes of N1 were entered in a 
two-way repeated-measures analysis of variance (ANOVA) with CURRENT INTENSITY 
and POLARITY as within-subjects factors. The analysis showed a significant effect of 
CURRENT INTENSITY (F3,39 = 3.316, p = 0.030) and POLARITY (F1,13 = 51.081, p < 0.001). 
Interaction CURRENT INTENSITY X POLARITY was also significant (F3,39 = 27.818, p < 
0.001). Post hoc analysis confirmed that there was a significant difference between the 
normalized amplitude of N1 during anodal and cathodal tDCS for each one of the applied 
intensities (n = 14 animals, p < 0.05, Holm-Sidak post hoc test). In summary, the effects 
of tDCS on simultaneously recorded SEPs were dependent of the applied polarity and 
intensity. 
As shown in figure 4.3 (C) there were differences on N1 latencies for the higher 
intensities used (100, 150 and 200 µA). Thus, anodal decreased the latency up to 0.3 ± 
0.2 ms at 100 µA whereas cathodal increased it up to 0.4 ± 0.1 ms at 150 µA. The 
normalized latencies of N1 were entered in a two-way repeated-measures analysis of 
variance (ANOVA) with CURRENT INTENSITY and POLARITY as within-subjects factors, 




confirmed that there was a significant difference between the normalized latency of N1 
during anodal and cathodal tDCS for each one of the three higher intensities (n = 14 
animals, p < 0.05, Holm-Sidak post hoc test). 
 
Figure 4.3. tDCS immediate effects over SEPs in S1 cortex. A) SEPs (n = 30) from a representative animal 
during control (black trace), anodal (red trace) and cathodal (blue trace) tDCS applied at 50, 100, 150 
and 200 µA. B) Quantification and statistical results of tDCS effects on SEPs amplitude. Mean (bars) and 
individual amplitude data (circles) for all the animals are represented as percentage of change with 
respect to control values. n = 14 mice, two-way repeated-measures ANOVA, CURRENT INTENSITY 
effect, F3,39 = 3.316, p = 0.030, POLARITY effect, F1,13 = 51.081, p < 0.001, CURRENT INTENSITY X 
POLARITY Interaction, F3,39 = 27.818, p < 0.001, Holm-Sidak post hoc test. **p < 0.0.1; ***p < 0.001. C) 
Quantification and statistical results of tDCS effects on SEPs latency. Mean for all the animals are 
represented as the difference with respect to control values. n = 14 mice, two-way repeated-measures 
ANOVA, POLARITY effect, F1,13 = 8.411, p = 0.012, Holm-Sidak post hoc test. *p < 0.05; **p < 0.01. Error 




4.1.4 S1-tDCS long-term effects on S1-SEPs.  
To test the potential long-term effects of tDCS over S1 cortex excitability we 
recorded SEPs induced by whisker pad stimulation (every 10 ± 2 s) in three different 
experimental conditions. Animals were prepared for SEP recording and simultaneous 
tDCS and randomly assigned to anodal (n = 10), cathodal (n = 10) or sham (n = 10) groups. 
During experimental sessions SEPs were recorded along 20 min before tDCS, during 
simultaneous anodal (150 µA, 20 min), cathodal (-200 µA, 20 min) or sham (150 µA, 30 
s) tDCS, and for 1 hour after tDCS. 
As observed in figure 4.4 (B) tDCS has a significant effect on the normalized 
amplitude of N1 component of SEPs for both anodal (F19,171 = 5.433, p < 0.001, one-way 
repeated-measures ANOVA) and cathodal (F19,171 = 12.839, p < 0.001, one-way repeated-
measures ANOVA) polarity. Interestingly, the post hoc analysis showed that significant 
differences are found during and after tDCS application in the cathodal group (n = 10 
animals, p < 0.05, Holm-Sidak post hoc test) but only during tDCS in the anodal one (n = 
10 animals, p < 0.05, Holm-Sidak post hoc test). Thus, anodal tDCS significantly increased 
the amplitude of SEPs (up to a maximum of 58.2 ± 11.0 %, n = 10) with respect to control 
values but only during simultaneous transcranial stimulation (red filled diamonds in Fig. 
4.4B). On the other hand, cathodal tDCS decreased the amplitude of SEPs with respect 
to control values reaching its maximum effects (maximum of 36.1 ± 7.9 %, n = 10) during 
simultaneous transcranial stimulation and remaining significantly decreased for 1 hour 
after tDCS removal (blue filled squares in Fig. 4.4B). Accordingly, we found significant 
differences along time when values from anodal and cathodal groups were compared 
with values from sham group (black triangles in Fig. 4.4B). As expected, significant 
differences between anodal and sham groups were restricted to the tDCS period (n = 10 
animals, p < 0.05, unpaired t-test) whereas significant differences were maintained 
during and after tDCS when comparing cathodal and sham groups. No significant effects 
were observed in the amplitude of N1 component of SEPs between the sham group 






Figure 4.4. tDCS long-term effects over SEPs in S1 cortex. A) tDCS protocol used in the long-term effect 
experiment. B) Normalized amplitude change of N1 averaged every 5 min for 20 min of anodal (red 
diamonds), cathodal (blue squares) or sham (black triangles) tDCS. Filled symbols represent statistical 
differences with the last control period (n = 10 mice, p < 0.05, Holm-Sidak post hoc test). Asterisks mark 
statistical differences between the same temporal period for anodal or cathodal with sham tDCS (n = 
10 animals, *p < 0.05; **p < 0.01; ***p < 0.001, unpaired t-test). C) Averaged SEPs from a 
representative mouse taken 5 minutes before (1) and after tDCS ramp-up (2), and just after (3) or 1 




Latency values were entered into a one-way repeated-measures ANOVA but no 
differences were found for any temporal period for anodal, cathodal nor sham tDCS. 
4.1.5 GAD65-67 and vGLUT1 levels in S1 after 20 minutes of S1-tDCS.  
To elucidate the molecular changes underlying the long-term effects observed, 
vGlut1 and GAD65-67 levels were used to assess possible modifications of the 
excitation/inhibition balance. For that, we prepared a group of animals for tDCS 
application during whisker stimulation (no electrophysiological recordings were carried 
out in these experiments) and randomly assigned to anodal (n = 5), cathodal (n = 4) or 
sham (n = 4) condition. 
The number of GAD65-67 (Fig. 4.5A) and vGLUT1 (Fig. 4.5B) positive clusters of 
puncta in the stimulated and non-stimulated S1 were analyzed in the sham, anodal and 
cathodal groups. For that, BRAIN HEMISPHERE (non-stimulated vs stimulated 
hemisphere) and tDCS POLARITY (anodal, cathodal or sham) conditions were included 
in a two-way mixed ANOVA. There was no significant difference in vGLUT1 between the 
stimulated and non-stimulated hemispheres in any of the tested stimulation conditions 
(F2,10 = 0.12, p = 0.888, Fig. 4.5B). Nevertheless, there was a significant general main 
effect on the GAD65-67 positive clusters for the interaction BRAIN HEMISPHERE x tDCS 
POLARITY (F2,10 = 5.163, p = 0.029, Fig. 4.5B). Post hoc analysis showed a significant 
difference between the stimulated vs non-stimulated hemisphere in the cathodal tDCS 
condition (n = 4 animals, p = 0.005, Bonferroni post hoc test, Fig. 4.5B) indicating higher 
GAD65-67 positive clusters in the stimulated S1 hemisphere than in non-stimulated 
control S1. No other significant differences were found in anodal nor sham condition. 
Finally, to know more about potential spreading effects of cathodal tDCS in the 
mice cortex we also tested GAD65-67 and vGLUT1 positive clusters in the adjacent 
primary motor cortex (M1). No significant effects were found in any GAD65-67 and 
vGLUT1 positive clusters (F2,10 = 0.06, p = 0.942, Fig. 4.5C) suggesting a focalized 





Figure 4.5. Immunohistochemical changes after 20 minutes of tDCS over S1. A and B) Confocal 
photomicrographs (images), quantification and statistics (bars charts) of GAD65-67 expression (A) or 
vGlut1 expression (B) in S1 after 20 min of Sham condition (upper row, n = 4 mice), after 20 min of 
Anodal tDCS (middle row, n = 5 mice) and after 20 min of Cathodal tDCS (lower row, n = 4 mice, two-
way mixed ANOVA, F2,10 = 5.163, ***p < 0.001) . C) Same analysis but for adjacent motor cortex. Error 
bars represent SEM. GAD65-67: Glutamic acid decarboxylase isoforms 65 and 67; vGLUT1: vesicular 
glutamate transporter 1; OD: optical density; IR: immunoreactivity; A.U: arbitrary units. 
In summary, these results provide a robust evidence of the effects that tDCS have 
over S1. The validation of SEPs as a measure of cortical excitability allow us to ascertain 
that anodal and cathodal tDCS can increase and decrease, respectively, cortical 
excitability immediately and for 20 minutes of continuous electrical stimulation, but 
these effects are maintained after tDCS just for cathodal polarity, with no long-term 
effects observed after anodal polarity. Furthermore, immunohistochemical analysis 
performed after 20 min of tDCS account for the long-term effects, with GAD65-67 levels 
increasing after cathodal stimulation, thus providing a mechanism to decrease cortical 




4.2 tDCS modulation of cerebellar cortex. 
Once characterized the effects of tDCS on S1, we explore the effects of Cb-tDCS. 
In the second and third sets of experiments (Set 2 and 3), the characterization of tDCS 
effects on cerebellar cortex was evaluated. For that, tDCS was first applied over laterall 
cerebellum (Set 2) and a similar approach than in Set 1 was carried out:  
- Firstly, the SEP recorded in CrusI-II in response to whisker electrical stimulation 
was characterized: defining its components and the relationship with current intensity 
applied to the whisker. 
- Then, the electric field imposed in the cerebellum by tES was determined, and 
the electric field strength in the recording area was extrapolated. 
- After that, the modulation produced by Cb-tDCS on SEPs was evaluated to test 
the immediate effects (15 s of Cb-tDCS, including 5 s ramp-up and 5 s ramp-down) and 
the long-term effects (during 20 minutes of Cb-tDCS and 1 hour after). 
- Additionally, the long-term impact of Cb-tDCS on excitation/inhibition balance 
was assessed by immunohistochemical methods, measuring GAD65-67 and vGlut1 
levels. 
- Finally, single-cell recordings in awake and anesthetized mice were made during 
the administration of short pulses of Cb-tDCS (15 or 20 s, including 5 s ramp-up and 5 s 
ramp-down) of varying intensities (100, 200 and 300 μA). In addition, some of the 
recorded neurons were filled with neurobiotin for further morphological reconstruction. 
 
For experiments of Set 3, single-cell recordings and neurobiotin labeling were 
made as in Set 2, but in Vermis and just in anesthetized mice. 
4.2.1 SEPs characterization in CrusI-II.  
To get a representative electrophysiological marker of neuronal excitability, SEPs 
in CrusI-II were characterized in alert mice (Fig. 4.6A). Electrical whisker stimulation 
evokes a SEP in the ipsilateral CrusI-II region consisting in two mayor negative waves 
corresponding to trigeminal (T) and cortical (C) responses (Fig. 4.6B). The T component 








Figure 4.6. Characterization of SEPs in CrusI-II. A) Experimental design for Set 2 experiments with 
concurrent Cb-tDCS and recordings on CrusI-II. B) Profile of SEP induced by whisker electrical 
stimulation (n = 30 SEPs from one mouse) showing the different components (trigeminal component 
(T) N1, N2 and N3; cortical component (C)). C) Comparison of CrusI-II-SEPs for two different intensities 
applied to whisker stimulation obtaining maximum N2-N3 amplitude (black trace, n = 10), and 50% of 
the maximum N2-N3 amplitude (green trace, n = 10). D) CrusI-II-SEP intensity profile. Every trace 
corresponds to an average of 5 SEPs recorded at the same location but with different intensities of 
whisker electrical stimulation. E-G) Quantification of the amplitude change in N1 (E), N2-N3 (F) and C 
(G) components regarding intensity applied to whisker electrical stimulation. Data normalized with 
respect maximum amplitude recorded at 4 mA (n = 2 mice). 
very short latency of 1.75 ± 0.23 ms (n = 14 mice) from whisker stimulus, and the second 
a bigger negative wave with a latency of 3.79 ± 0.69 ms (n = 14 mice) (Fig. 4.6B, lower 
figure). As previously reported (Márquez-Ruiz and Cheron, 2012), in some recordings 
the N2 component appeared subdivided in two different waves (termed as N2 and N3), 
but this differentiation was not reliable across time and mice, so the analysis were 
performed just considering N2-N3 complex. Finally, the cortical component (C) peaked 
at 12.57 ± 1.12 ms (n = 14 mice) and its amplitude decreased when the animal was 
running, so those events were discarded from the analysis, as well as those coincident 
with electrical artifacts. 
The final amplitude of the different components linearly depended on the 
intensity of the electrical stimuli applied to the whiskers (N1 component: R2 = 0.657, Fig. 
4.6E; N2 component: R2 = 0.978, Fig. 4.6F; C component: R2 = 0.875, Fig. 4.6G; n = 2 
mice), so for the experiments the current intensity of whisker electrical pulses was 
adjusted as to elicit a N2-N3 component with half of the maximum amplitude to allow 
an increase or decrease of the SEP components during and after Cb-tDCS intervention 
(Fig. 4.6C). 
4.2.2 Intracranial electric fields induced by Cb-tDCS in cerebellar cortex.  
To know the actual electric field gradient imposed by Cb-tDCS on cerebellar 
cortex, the same procedure as for S1 experiments was performed. Animals (n = 9) were 
prepared for chronic recording of cerebellar cortex-LFPs in alert condition during 
simultaneous application over lateral cerebellum of low-frequency tACS (1 Hz) at 




between the glass micropipette in cerebellar cortex and a silver reference electrode 
placed over the dura in the ipsilateral parietal cortex. LFP recordings were sequentially 
performed every 1 mm from cortical surface to 3 mm depth with a 15° rostro-caudal 
angle (Fig. 4.7A). 
The figure 4.7 (B) shows the grand average obtained from recordings 
(unprocessed data) at different depths including data from all the animals in the study. 
Under the active electrode the electric field decreased it magnitude in depth in a 
logarithmic manner for all intensities tested. The recorded electric field for all the 
animals is represented in figure 4.7 (C). 
 
Figure 4.7. Intracranial electric fields induced by Cb-tDCS. A) Schematic representation of electric 
potentials recorded in lateral cerebellum at different depths. B) tACS stimulation (top trace) applied 
over the scalp and grand average (n = 9 mice, unprocessed data) of the actual potentials generated at 
different depths (from 0 to 4 mm). C) Average (filled symbols) and individual (empty symbols) electric 
fields recorded at different depths for ± 2 (circles), ± 20 (squares) and ± 200 μA (triangles) tACS. D) 




To calculate the electric field imposed by tES at 200 µA over CrusI-II, we used a linear 
regression equation extracted from the relation between tDCS-intensity and voltage difference 
(y = 0.6436 X + 0.8036; R2 = 0.9952) for each depth (Fig. 4.7D). The calculated electric field 
strength induced by 200 μA at the recording site (around 1 mm) was 129,52 V/m. 
4.2.3 Cb-tDCS immediate effects on CrusI-II-SEPs.  
For CrusI-II-SEPs during Cb-tDCS, figure 4.8 (A) shows the averaged SEPs (n = 15) 
during the control just before anodal (light-red trace), during anodal (red trace), before 
cathodal (light-blue trace) and during cathodal (blue trace) Cb-tDCS applied at 200 µA 
(density current = 4.26 mA/cm2) for a representative animal. Mean data obtained from 
the group of animals participating in the experiment (n = 11) are represented in figure 
4.8 (B, amplitude; C, latency). During 5 seconds of stimulation the amplitude of N1 and 
N2-N3 were significantly increased and decreased in response to anodal and cathodal 
Cb-tDCS, respectively. The C component did not show a significant modulation, but it 
showed a tendency to being modulated in the opposite direction of N1-N2 (Fig. 4.8A). 
The average N1 and N2-N3 amplitude increase for 200 μA of anodal stimulation was 
47.77 ± 17.91 % and 13.74 ± 4.16 %, respectively, and a decrease for cathodal 
stimulation of 15.51 ± 7.24 % and 10.20 ± 4.91 % (Wilcoxon Signed Rank Test for N1, p = 
0.019; paired t-Test for N2-N3, p < 0.001) (Fig. 4.8B). The average C amplitude was 
reduced a 10.69 ± 6.72 % for anodal stimulation and increased a 3.55 ± 5.38 % after 
cathodal stimulation (Wilcoxon Signed Rank Test for C, p = 0.147) (Fig. 4.8B). 
Latency values were entered into a paired Student’s t-test but no differences 
were found on T nor C latencies for anodal nor cathodal Cb-tDCS (N1: p = 0.895; N2: 





Figure 4.8. Cb-tDCS immediate effects over SEPs in CrusI-II. A) CrusI-II-SEPs (n = 15) from a 
representative animal during control before anodal (light-red trace), anodal (red trace), control before 
cathodal (light-blue trace) and cathodal (blue trace) Cb-tDCS applied at 200 µA. B) Quantification and 
statistical results of Cb-tDCS effects on the different components of CrusI-II-SEPs amplitude. Mean 
(bars) and individual amplitude data (circles) for all the animals are represented as percentage of 
change with respect to control values. n = 11 mice, Wilcoxon Signed Rank Test for N1, *p = 0.012; paired 
t-Test for N2, ***p < 0.001. C) Quantification and statistical results of Cb-tDCS effects on SEP-
components latency. Mean for all the animals are represented as the difference with respect to control 





4.2.4 Cb-tDCS long-term effects on CrusI-II-SEPs.  
To test the potential long-term effects of Cb-tDCS over CrusI-II excitability we 
recorded SEPs induced by whisker pad stimulation (every 10 ± 2 s) in three different 
experimental conditions. Animals were prepared for SEP recording and simultaneous 
Cb-tDCS and randomly assigned to anodal (n = 12), cathodal (n = 11) or sham (n = 7) 
groups. During experimental sessions SEPs were recorded along 20 min before Cb-tDCS, 
during simultaneous anodal (200 µA, 20 min), cathodal (-200 µA, 20 min) or sham (200 
µA, 30 s) Cb-tDCS, and for 1 hour after Cb-tDCS. 
As observed in figure 4.9 (B) Cb-tDCS has a significant effect on the normalized 
amplitude of N2-N3 component of SEPs for both anodal (p < 0.001, Friedman Repeated 
Measures Analysis of Variance on Ranks) and cathodal (p < 0.001, Friedman Repeated 
Measures Analysis of Variance on Ranks) polarity. The post hoc analysis showed that 
significant differences are found just during the last 10 minutes of Cb-tDCS application 
in the anodal and cathodal groups (Anodal: n = 12 mice, p < 0.05, Dunnett’s post hoc 
test; Cathodal: n = 11 mice, p < 0.05, Dunnett’s post hoc test). Thus, anodal Cb-tDCS 
significantly increased the amplitude of N2-N3 component (up to a maximum of 38.58 ± 
9.86 %, n = 12) with respect to control values (red filled diamonds in Fig. 4.9B), and 
cathodal Cb-tDCS decreased the amplitude of N2-N3 component (maximum of 14.66 ± 
3.68 %, n = 11) with respect to control values (blue filled squares in Fig. 4.9B). Once Cb-
tDCS was switched off, no differences were found in the amplitude of N2-N3 after anodal 
nor cathodal stimulation. Also, no differences were found for C component in any 
temporal period for anodal (p = 0.64, Friedman Repeated Measures Analysis of Variance 
on Ranks) nor cathodal (p = 0.981, Friedman Repeated Measures Analysis of Variance 
on Ranks) Cb-tDCS. N1 component was so small that the resolution for the amplitude 
measurements cannot give a reliable result, yielding and incredibly high dispersion. For 
this reason, N1 amplitude was not computed for this analysis. 
In addition, we found significant differences along time when values from anodal 




in N2-N3 amplitude were restricted to the Cb-tDCS period (n = 7 mice for Sham, n = 12 
mice for Anodal and n = 11 mice for Cathodal, p < 0.05, unpaired t-test). No differences 
were found in the amplitude of the C component between anodal, cathodal and sham 
groups. Besides founded differences between control period before cathodal Cb-tDCS 
and during cathodal Cb-tDCS, no differences were found for any of the components 
when cathodal and sham groups were compared. Between the sham group, as 
expected, no significant effects were observed in the amplitude of T or C components 
(N2-N3: F19,114 = 0.563, p = 0.925, repeated-measures ANOVA, black triangles in Fig. 4.9B; 
C: F19,76 = 0.815, p = 0.683, repeated-measures ANOVA).  
Latency values were entered into a one-way repeated-measures ANOVA but no 
differences on N2-N3 nor C components were found for any temporal period for anodal, 





Figure 4.9. Cb-tDCS long-term effects over SEPs in CrusI-II. A) Cb-tDCS protocol applied for long-term 
experiments. B) Normalized amplitude change of N2-N3 averaged every 5 min for 20 min of anodal 
(red diamonds), cathodal (blue squares) or sham (black triangles) Cb-tDCS. Filled symbols represent 
statistical differences with the last control period (n = 12 mice for anodal, n = 11 for cathodal, n = 7 
mice for sham, p < 0.05, Holm-Sidak post hoc test). Asterisks mark statistical differences between the 
same temporal period for anodal or cathodal with sham Cb-tDCS (n = 12 mice for anodal, n = 11 for 
cathodal, n = 7 mice for sham, *p < 0.05; **p < 0.01; ***p < 0.001, unpaired t-test). C) Averaged SEPs 
from a representative mouse taken 5 minutes before Cb-tDCS ramp-up (1), before (2) and just after (3) 
Cb-tDCS ramp-down. Error bars represent SEM. 
4.2.5 GAD65-67 and vGLUT1 levels in CrusI-II after 20 minutes of Cb-tDCS.  
To explore potential molecular changes after Cb-tDCS, vGlut1 and GAD65-67 
levels were used to assess possible modifications of the excitation/inhibition balance. 




stimulation (no electrophysiological recordings were carried out in these experiments) 
and randomly assigned to anodal (n = 7), cathodal (n = 7) or sham (n = 7) condition. 
The number of GAD65-67 (Fig. 4.10A) and vGLUT1 (Fig. 4.10B) positive clusters 
of puncta in the stimulated and non-stimulated CrusI-II region were analyzed in the 
sham, anodal and cathodal groups. For that, BRAIN HEMISPHERE (non-stimulated vs 
stimulated hemisphere) and tDCS POLARITY (anodal, cathodal or sham) conditions were 
included in a two-way repeated-measures ANOVA. According with the lack of long-term 
effects observed in the electrophysiological recordings, there were no differences in 
GAD65-67 nor vGLUT1 levels in CrusI-II after 1 session of 20 minutes of cathodal or 
anodal Cb-tDCS.  
 
Figure 4.10. Immunohistochemical changes after 20 minutes of Cb-tDCS over lateral cerebellum. A and 
B) Confocal photomicrographs (images), quantification and statistics (bars charts) of GAD65-67 
expression (A) or vGlut-1 expression (B) in CrusI-II after 20 min of Sham condition (upper row, n = 7 
mice), after 20 min of Anodal Cb-tDCS (middle row, n = 7 mice) and after 20 min of Cathodal Cb-tDCS 
(lower row, n = 7 mice). Error bars represent SEM. GAD65-67: Glutamic acid decarboxylase isoforms 65 





4.2.6 Neuronal recordings in awake mice.  
To understand how Cb-tDCS modulates neuronal firing behavior at a single-cell 
level, extracellular unitary recordings were performed in CrusI-II region in awake mice. 
As a first approach, short pulses of Cb-tDCS were applied to avoid the expression of long-
term effects, consisting on trials of 15 s (including 5 s ramp-up and 5 s ramp-down) 
anodal or cathodal Cb-tDCS at 200 µA, with a 10 s pause (no tDCS) between trials. 
Figure 4.11 and 4.12 show two examples of isolated cerebellar neurons and their 
behavior under Cb-tDCS. Spike waveforms under control (black), anodal (red) and 
cathodal (blue) Cb-tDCS (Fig. 4.11B and Fig. 4.12B) did not show a significant change, but 
in 43 out of 78 recorded neurons (n = 29 mice) there was a significant modulation of 
their firing rate during Cb-tDCS (Fig. 4.11C, D and Fig. 4.12C, D). The observed change in 
firing rate during the application of Cb-tDCS showed a heterogeneous effect, with some  
 
Figure 4.11. Exemplary non-PC showing the increase/decrease in firing rate during anodal/cathodal Cb-
tDCS. A) Recording of spontaneous firing activity showing the presence of action potentials. B) 
Superimposed averaged action potentials under control (black), anodal (red) and cathodal (blue) Cb-
tDCS over lateral cerebellum. C) Cb-tDCS current (up) and Z-score-transformed average PSTH (bin size: 
0.1 s, bottom) of the spontaneous activity before, during and after anodal (red trace) or cathodal (blue 
trace) Cb-tDCS. D) Statistical comparison of the firing rate (bin size: 0.1 s) between 5 s windows before, 







Figure 4.12. Exemplary non-PC showing the decrease/increase in firing rate during anodal/cathodal Cb-
tDCS. A) Recording of spontaneous firing activity showing the presence of action potentials. B) 
Superimposed averaged action potentials under control (black), anodal (red) and cathodal (blue) Cb-
tDCS over lateral cerebellum. C) Cb-tDCS current (up) and Z-score-transformed average PSTH (bin size: 
0.1 s, bottom) of the spontaneous activity before, during and after anodal (red trace) or cathodal (blue 
trace) Cb-tDCS. D) Statistical comparison of the firing rate (bin size: 0.1 s) between 5 s windows before, 
during and after Cb-tDCS over lateral cerebellum. Paired Student’s t-test, *p < 0.05; **p < 0.01; ***p < 
0.001. Error bars represent SEM. 
neurons increasing the activity with anodal Cb-tDCS (Fig. 4.11) but others with cathodal 
Cb-tDCS (Fig. 4.12), and vice versa. 
Some of these neurons could be identified as PC based on the presence of CS 
together with a silence of at least 30 ms in SS after a CS (Fig. 4.13 and Fig. 4.14). These 
recordings are especially informative since PC are the solely output from cerebellar 
cortex, so the overall modulation of these neurons likely represents the overall 
information that cerebellar cortex would convey to downstream regions. As seen in 
figure 4.13 and figure 4.14, similar results as for non-Purkinje cell (non-PC) neurons were 
observed in PC, with no modulation of waveform for SS nor CS, but with a reliable effect 
on firing rate. No statistical differences were found for CS firing rate, probably due to 
the low firing rate of these spikes (0.5-2 Hz), but as in non-PC the same heterogeneity in 




firing rate in some neurons (Fig. 4.13) or vice versa (Fig. 4.14). Noteworthy, some of the 
neurons showed a significant effect on SS after Cb-tDCS (51.28 % of the recorded 
neurons, figure 4.11, figure 4.12 and figure 4.14). 
If we just consider the PC, 18 out of 31 recorded PC showed a significant 
modulation of their firing rate during Cb-tDCS, and the heterogeneous behavior of 
modulation was proportional to that of all neurons together. 
 
Figure 4.13. Exemplary PC cell showing the increase/decrease in SS firing rate during anodal/cathodal 
Cb-tDCS. A) Recording of spontaneous firing activity of a PC showing the presence of SS and CS. B and 
C) Superimposed averaged SS and CS waveforms under control (black), anodal (red) and cathodal (blue) 
Cb-tDCS over lateral cerebellum. D, E) Cb-tDCS current (up) and Z-score-transformed average PSTH (bin 
size: 0.1 s) of the spontaneous activity before, during and after anodal (red trace) or cathodal (blue 
trace) Cb-tDCS. F, G) Statistical comparison of the firing rate (bin size: 0.1 s) between 5 s windows 
before, during and after Cb-tDCS over lateral cerebellum. Paired Student’s t-test, ***p < 0.001. Error 






Figure 4.14. Exemplary PC cell showing the decrease/increase in firing rate during anodal/cathodal Cb-
tDCS. A) Recording of spontaneous firing activity of a PC showing the presence of SS and CS. B and C) 
Superimposed averaged SS and CS waveforms under control (black), anodal (red) and cathodal (blue) 
Cb-tDCS over lateral cerebellum. D, E) Cb-tDCS current (up) and Z-score-transformed average PSTH (bin 
size: 0.1 s) of the spontaneous activity before, during and after anodal (red trace) or cathodal (blue 
trace) Cb-tDCS. F, G) Statistical comparison of the firing rate (bin size: 0.1 s) between 5 s windows 
before, during and after Cb-tDCS over lateral cerebellum. Paired Student’s t-test, ***p < 0.001. Error 
bars represent SEM. 
Taken together all the different recorded PC and non-PC neurons (n = 78), the 
most usual modulation during Cb-tDCS was an opposite effect for anodal and cathodal 
(56.82 % of modulated neurons), thus, the majority of the neurons (43.18 %) increased 
and decreased its firing activity with anodal and cathodal Cb-tDCS, respectively (Fig. 4.11 
and Fig. 4.13), or vice versa (13.64 %) for some others (Fig. 4.14). Several neurons just 
increase or decrease its firing rate with anodal or cathodal Cb-tDCS but showed no 
modulation with the opposite polarity (25 %) (Fig. 4.13), and there were even a few 
neurons that modulated in the same direction for both Cb-tDCS polarities (18.18 %). 
Furthermore, the modulation used to follow the tDCS dynamics (Fig. 4.15), gradually 




holding the modulation during tDCS at its maximum amplitude, and 
decreasing/increasing the firing rate according to the ramp-down intensity decrease. 
The modulation of the firing rate followed the dynamics of tDCS even with 5 s more of 
tDCS at its maximum intensity (5 s in Fig. 4.15A, B; 10 s in Fig. 4.15C, D), suggesting a 
direct effect of the applied currents over neuronal activity.  
 
Figure 4.15. Z-score-transformed grand average PSTH (bin size: 0.1 s) of the spontaneous activity 
before, during and after anodal (red trace) or cathodal (blue trace) Cb-tDCS. Neurons are grouped 
according to its behavior under Cb-tDCS, with anodal/cathodal increasing/decreasing, respectively (A 
and C), the firing rate, and the opposite effect (B and D) for 5 (A and B) or 10 (C and D) seconds of tDCS. 
n = number of neurons. 
These data showed Cb-tDCS capability to modulate firing rate of individual 
neurons, either PC or non-PC, with a mixed direction of modulation (increase or 
decrease) for anodal or cathodal polarity depending on the neuron. 
In addition, to test the effect of different current intensities on firing rate modulation, 
trials of 20 s (including 5 s ramp-up and 5 s ramp-down) anodal or cathodal Cb-tDCS at 
different randomly distributed intensities (100, 200 and 300 µA) were tested. The three 




responding to the three intensities (Fig. 4.16A-C) but others just to one or two. Of the 
neurons responding to the three intensities (Fig. 4.16D, E), about 50 % (8 out of 16 for 
anodal, 6 out of 16 for cathodal) exhibited a good correlation (R > 0.8) between firing 
rate modulation and Cb-tDCS intensity, with some neurons showing a tendency to 
increase their firing rate modulation (either an increase or a decrease of firing rate) with 
increasing anodal (Fig. 4.16D) or cathodal (Fig. 4.16E) intensity. 
 
Figure 4.16. Intensity-dependent modulation of neuronal activity. A-C) Z-score-transformed grand 
average PSTH (bin size: 0.1 s) of the neurons (n = 4) that exhibited firing rate modulation during the 
three intensities tested, with anodal increasing and cathodal decreasing their activity. D, E) Firing rate 
modulation during 10 seconds of Cb-tDCS with respect firing rate during control condition for the three 
intensities tested under anodal (D) and cathodal (E) Cb-tDCS. A linear curve was fitted for every neuron. 
n = number of neurons. 
In summary, as shown in figure 4.17 (A) for all recorded neurons in awake mice 
a similar proportion of neurons were modulated with anodal and cathodal Cb-tDCS, and 
a similar proportion of modulated neurons is observed for each of the three intensities 
tested (inner circle in right figure). Both anodal and cathodal Cb-tDCS can increase and 
decrease the firing frequency depending on the neuron, however, a tendency toward 
increasing firing rate was observed for anodal stimulation, while the opposite effect was 
observed for cathodal stimulation. If we just take into account the PC (Fig. 4.17B), similar 




firing activity for both, anodal and cathodal Cb-tDCS, suggesting a net excitatory effect 
on cerebellar cortex output. These data show that Cb-tDCS can modulate the firing rate 
of around 50 % of CrusI-II neurons in awake mice in a polarity and intensity-dependent 
manner. 
 
Figure 4.17. Summary of all recorded neurons (A) and just PC (B) in awake mice. Left circles represent 
the percentage of neurons modulated (green) or no modulated (grey) during Cb-tDCS. Inner circles in 
right figures show the proportion of neurons modulated by each Cb-tDCS intensity and polarity (red for 
anodal, blue for cathodal tDCS). Outer circles in right figures represent the proportion of neurons that 




4.2.7 Neurobiotin neuronal labeling in anesthetized mice.  
To better understand the differences observed in firing rate modulation by Cb-
tDCS, neurobiotin labeling of the recorded neurons were performed in CrusI-II (Set 2, n 
= 20 mice and 39 neurons) and Vermis (Set 3, n = 27 mice and 63 neurons) of 
anesthetized mice. Juxtacellular labeling (Fig. 4.18A) of the recorded neuron was 
performed after several Cb-tDCS trials to obtain the firing rate modulation and the 
morphological characterization of the same neuron.  
All labeled neurons (n = 7) showed a significant modulation at least with 100, 200 
or 300 µA Cb-tDCS and the direction was always to increase with anodal and decrease 
with cathodal if the somatodendritic axis orientation point towards the active electrode 
(Fig. 4.18B-D), and the opposite direction of modulation if the somatodendritic axis 
orientation point to the opposite direction (Fig. 4.18C-E). As shown in figure 4.19, Cb-
tDCS effects on firing rate highly depends on the somatodendritic axis orientation with 
respect to the active electrode, with maximum tDCS modulation for orthogonal 





Figure 4.18. Juxtacellular labeling technique and exemplary labeled neurons. A) Spontaneous firing rate 
modulation during 200 ms positive current pulses delivered through the recording pipette. B–E) 
Confocal images of labeled neurons with different somatodendritic angles (B1 and B2–E1 and E2), z-






Figure 4.19. Graphical representation relating the firing rate modulation and the somatodendritic axis 
orientation of recorded and labeled neurons with respect to the generated electric field. Arrows length 
represent firing rate modulation during 10 s of anodal (red) or cathodal (blue) Cb-tDCS at 200 µA with 
respect firing rate during control condition (represented by the inner gray disk). Angles of the arrows 
represent the angle between the neuronal axis and an imaginary line perpendicular to the active 
electrode (active electrode positioned over skull surface). 
In summary, a total of 161 neurons (78 in CrusI-II from awake mice (Fig. 4.20), 20 
in CrusI-II from anesthetized mice (Fig. 4.21) and 63 in Vermis from anesthetized mice 
(Fig. 4.22)) were properly isolated and recorded during time enough for analysis. Based 
on the individual statistical analysis, the neurons were classified according to their firing 
rates modulation during Cb-tDCS (increase or decrease during anodal or cathodal) 
observing the same variety in modulation for CrusI-II anesthetized (Fig. 4.21) as for CrusI-
II awake mice recordings (Fig. 4.20). Noteworthy, there are some differences between 
Vermis and CrusI-II recordings: the proportion of modulated neurons was higher in 




tDCS; it does not seem to be a tendency toward increasing nor decreasing its activity 
with a specific polarity in the Vermis (Fig. 4.22C). 
 
Figure 4.20. Summary of all recorded neurons in CrusI-II in awake mice. A, B) Neuronal firing rate 
modulation during 10 seconds of Cb-tDCS with respect firing rate during control condition for the three 
intensities tested under anodal (A) and cathodal (B) Cb-tDCS. A linear curve was fitted for every neuron. 
C) Left circles represent the percentage of neurons modulated (green) or non-modulated (grey) during 
Cb-tDCS. Inner circles in right figures show the proportion of neurons modulated by each tDCS intensity 
and polarity (red for anodal, blue for cathodal tDCS). Outer circles in right figures represent the 







Figure 4.21. Summary of all recorded neurons in CrusI-II in anesthetized mice. A, B) Neuronal firing rate 
modulation during 10 seconds of Cb-tDCS with respect firing rate during control condition for the three 
intensities tested under anodal (A) and cathodal (B) Cb-tDCS. A linear curve was fitted for every neuron. 
C) Left circles represent the percentage of neurons modulated (green) or non-modulated (grey) during 
Cb-tDCS. Inner circles in right figures show the proportion of neurons modulated by each tDCS intensity 
and polarity (red for anodal, blue for cathodal tDCS). Outer circles in right figures represent the 







Figure 4.22. Summary of all recorded neurons in Vermis in anesthetized mice. A, B) Neuronal firing rate 
modulation during 10 seconds of Cb-tDCS with respect firing rate during control condition for the three 
intensities tested under anodal (A) and cathodal (B) Cb-tDCS. A linear curve was fitted for every neuron. 
C) Left circles represent the percentage of neurons modulated (green) or non-modulated (grey) during 
Cb-tDCS. Inner circles in right figures show the proportion of neurons modulated by each tDCS intensity 
and polarity (red for anodal, blue for cathodal tDCS). Outer circles in right figures represent the 
proportion of neurons that exhibit an increase (orange) or decrease (grey) of their firing rate during 
Cb-tDCS. 
In conclusion, regarding Set 2 experiments, Cb-tDCS demonstrate its ability to 
modulate cerebellar cortex activity. The validation of SEPs as a measure of cortical 
excitability allows us to ascertain that anodal and cathodal Cb-tDCS can increase and 
decrease, respectively, cortical excitability immediately and for 20 minutes of 
continuous electrical stimulation, but this effects are restricted to the stimulation period 
since no long-term effects were observed after anodal nor cathodal cessation for SEP 
amplitude or GAD65-67 and vGlut1 levels. Furthermore, single-cell recordings showed a 




decrease the firing rate of different neurons. Finally, putting together the neurobiotin-
labeled neurons from Set 2 (CrusI-II) and Set 3 (Vermis) experiments, it is clear that the 
orientation of the somatodendritic axis with respect to the electric field is crucial for the 
understanding of the tDCS heterogeneous results. 
4.3 S1 modulation by Cb-tDCS. 
Lastly, once characterized the effects of tDCS on S1 and CrusI-II region, we 
explored the effects of Cb-tDCS on distant regions. In the last set of experiments (Set 4), 
tDCS was applied over cerebellar cortex but the modulatory effects were assessed on 
S1: 
- Firstly, the electric field reaching S1 when tDCS is applied in cerebellar cortex 
was determined, and the electric field strength in the recording area was extrapolated. 
- After that, the modulation produced by Cb-tDCS on S1-SEPs was evaluated to 
test the immediate effects (15 s of Cb-tDCS, including 5 s ramp-up and 5 s ramp-down) 
and the long-term effects (during 20 minutes of Cb-tDCS and 1 hour after). 
- Finally, the long-term impact of Cb-tDCS on excitation/inhibition balance was 
assessed by immunohistochemical methods, measuring GAD65-67 and vGlut1 levels. 
4.3.1 Intracranial electric fields induced in S1 by Cb-tDCS.  
The electric field gradient generated by Cb-tDCS over cerebellar cortex is 
supposed to reach S1 with very low strength. Animals (n = 7) were prepared for chronic 
recording of S1-LFPs in alert condition during simultaneous application over lateral 
cerebellum of low-frequency tACS (1 Hz) at different intensities (± 2, ± 20 and ± 200 μA) 
(Fig. 4.23A, B). Differential recordings were obtained between the glass micropipette 
and a silver reference electrode placed over the contralateral dura and were 
sequentially performed every 1 mm from cortical surface to 4 mm depth with a 20° lateral 
angle. The figure 4.23 (C) shows the grand average obtained from recordings 
(unprocessed data) at different depths including data from all the animals in the study. 




small voltage differences between depths. The recorded electric field for all the animals 
is represented in figure 4.23 (D). 
Figure 4.23. S1 intracranial electric fields induced by Cb-tDCS. A) Experimental design of Set 4 with Cb-
tDCS applied over lateral cerebellum and recordings in S1 cortex. B) Schematic representation of 
electric potentials recorded in S1 at different depths. C) tACS (top trace) applied over the cerebellar 
scalp and grand average (n = 7, unprocessed data) of the actual potentials generated in S1 at different 
depths (from 0 to 4 mm). D) Average (filled symbols) and individual (empty symbols) electric fields 
recorded at different depths for ± 2 (circles), ± 20 (squares) and ± 200 μA (triangles) tACS. E) Linear 




To calculate the electric field imposed by tES at different intensities (200 and 300 
µA) in the recording site (S1 layer V-VI, 1 mm) we used a linear regression equation 
extracted from the relation between Cb-tDCS-intensity and voltage difference (y = 
0.0042 X + 0.0115; R2 = 0.9995) for each depth (Fig. 4.23E). The calculated electric field 
strength induced by 200 and 300 μA at the recording site was 0.85 and 1.27 V/m, 
respectively.  
4.3.2 Cb-tDCS immediate effects on S1-SEPs.  
For S1-SEPs during Cb-tDCS, figure 4.24 (A) shows the averaged SEPs (n = 15) 
during control before anodal (light-red trace), anodal (red trace), control before 
cathodal (light-blue trace) and cathodal (blue trace) Cb-tDCS applied at 200 and 300 µA 
(density currents = 2.86 mA/cm2 and 4.29 mA/cm2, respectively) for a representative 
animal on each intensity. Mean data obtained from the group of animals participating 
in the experiment (n = 11 for 200 µA and n = 9 for 300 µA) are represented in figure 4.24 
(B, amplitude; C, latency). During 5 seconds of stimulation the amplitude of N1 was 
significantly decreased and increased in response to anodal and cathodal Cb-tDCS, 
respectively. Thus, anodal Cb-tDCS progressively decreased the N1 amplitude of 
simultaneously recorded SEPs with increasing current intensity to a maximum of 17.31 
± 5.27 % at 300 µA whereas cathodal Cb-tDCS increased the N1 amplitude to a maximum 
of 18.53 ± 6.61 % at 300 µA. The average SEP amplitude change for 200 μA (n = 11; 
paired t-Test, p = 0.044) and 300 μA (n = 9; paired t-Test, p = 0.011) was a decrease for 
anodal of 7.49 ± 3.36 % and 17.31 ± 5.27 %, respectively, and an increase for cathodal 
stimulation of 7.41 ± 3.75 % and 18.53 ± 6.61 %. 
Latency values were entered into a paired Student’s t-test but no differences 
were found on N1 latency for anodal nor cathodal Cb-tDCS at any intensity (n = 11; 200 





Figure 4.24. Cb-tDCS immediate effects over SEPs in S1 cortex. A) SEPs (n = 15) from two representative 
animals during control before anodal (light-red trace), anodal (red trace), control before cathodal (light-
blue trace) and cathodal (blue trace) Cb-tDCS applied at 200 and 300 µA. B) Quantification and 
statistical results of Cb-tDCS effects on SEPs amplitude. Mean (bars) and individual amplitude data 
(circles) for all the animals are represented as percentage of change with respect to control values (200 
μA, n = 11 animals; paired t-Test, p = 0,044; 300 μA, n = 9 animals; paired t-Test, p = 0,011), *p < 0.05. 
C) Quantification and statistical results of Cb-tDCS effects on SEPs latency. Mean for all the animals are 




4.3.3 Cb-tDCS long-term effects on S1-SEPs.  
To test the potential long-term effects in S1 excitability of Cb-tDCS over lateral 
cerebellum we recorded S1-SEPs induced by whisker pad stimulation (every 10 ± 2 s) 
and simultaneous Cb-tDCS (n = 5 for anodal, n = 5 for cathodal, n = 8 for sham). During 
experimental sessions SEPs were recorded along 20 min before Cb-tDCS, during 
simultaneous Cb-tDCS (300 µA, 20 minutes) and for 1 hour after Cb-tDCS. 
As observed in figure 4.25 (B) 300 µA Cb-tDCS for 20 minutes has a significant 
effect on the normalized amplitude of N1 component of SEPs for both cathodal (p = 
0.011, Friedman Repeated Measures Analysis of Variance on Ranks) and anodal Cb-tDCS 
(F19,76 = 8.840, p < 0.001, repeated-measures ANOVA). The post hoc analysis showed a 
significant increase in amplitude after anodal Cb-tDCS application when comparing with 
control data or during the 20 minutes of stimulation (n = 5 animals, p < 0.05, Holm-Sidak 
post hoc test) (red filled diamonds in Fig. 4.25B) but no differences for multiple 
comparisons within cathodal group were found (blue squares in Fig. 4.25B). 
Comparing with sham group, we found a significant increase in amplitude during 
the 20 minutes of cathodal Cb-tDCS (p < 0.01, unpaired t-test) whereas a significant 
decrease in amplitude was observed during the first 10 minutes of anodal Cb-tDCS (p < 
0.05, unpaired t-test and Mann-Whitney Rank Sum Test) and, according to ANOVA 
results, a significant increase in amplitude was observed after anodal Cb-tDCS for some 
temporal periods (p < 0.05, unpaired t-test). Thus, cathodal Cb-tDCS significantly 
increased the amplitude of SEPs (up to a maximum of 45.22 ± 6.96 %, n = 5) with respect 
to sham values during simultaneous transcranial stimulation, and anodal Cb-tDCS 
significantly decreased the amplitude of SEPs (up to a maximum of 12.55 ± 7.22 %, n = 
5) with respect to sham values during the first 10 minutes of transcranial stimulation. 
Intriguingly, SEP amplitude during anodal Cb-tDCS returned to control values after the 
first 10 minutes of stimulation, and a shift toward an increase in amplitude appeared 
after anodal Cb-tDCS cessation. Finally, the effect during Cb-tDCS for anodal as for 
cathodal stimulation, seems to be maximum at the beginning of the stimulation but 




stimulation even a strong rebound effect (increase in excitability) can be observed. As 
expected, no significant effects were observed in the amplitude of N1 component of 
SEPs within the sham group (p = 0.119, Friedman Repeated Measures Analysis of 
Variance on Ranks). 
Figure 4.25. Cb-tDCS long-term effects over SEPs in S1 cortex. A) Cb-tDCS protocol applied in the long-
term experiments. B) Normalized amplitude change of N1 averaged every 5 min for 300 µA - 20 min 
of anodal (red diamonds), cathodal (blue squares) or sham (black triangles) Cb-tDCS. Filled symbols 
represent statistical differences with the last control period (p < 0.05, Holm-Sidak post hoc test). 
Asterisks mark statistical differences between the same temporal period for anodal or cathodal with 
sham Cb-tDCS (n = 5 animals for anodal and cathodal, n = 8 for sham, unpaired t-test). C) Averaged 
SEPs from a representative mouse taken 5 minutes before (1) and after Cb-tDCS ramp-up (2), and 1 




N1 latency values were entered into a one-way repeated-measures ANOVA but 
no differences were found for any temporal period for anodal, cathodal nor sham Cb-
tDCS. 
4.3.4 GAD65-67 and vGLUT1 levels in S1 after 20 minutes of Cb-tDCS.  
To elucidate the molecular changes underlying the long-term effects observed 
after Cb-tDCS in S1, vGlut1 and GAD65-67 levels were used to assess possible 
modifications of the excitation/inhibition balance. For that, we prepared a group of 
animals for Cb-tDCS application during whisker stimulation (no electrophysiological 
recordings were carried out in these experiments) and randomly assigned to anodal (n 
= 7), cathodal (n = 7) or sham (n = 7) condition. 
The number of GAD65-67 (Fig. 4.26A) and vGLUT1 (Fig. 4.26B) positive clusters 
of puncta in the stimulated and non-stimulated S1 were analyzed in the sham, anodal 
and cathodal groups. For that, BRAIN HEMISPHERE (non-stimulated vs stimulated 
hemisphere) and tDCS POLARITY (anodal, cathodal or sham) conditions were included 
in a two-way repeated-measures ANOVA. There were no differences for GAD65-67 nor 
vGLUT1 levels in S1 region after 1 session of 20 minutes cathodal or anodal Cb-tDCS at 
200 µA, (Fig. 4.26).  
Taken together, the results from experiments in Set 4 provide evidence of the 
effects that Cb-tDCS can have on distant regions. Anodal and cathodal Cb-tDCS was able 
to decrease and increase, respectively, S1 excitability immediately. Interestingly, 
although more data are needed, 20 minutes of cathodal Cb-tDCS seems to increase S1 
excitability, with no long-term effects, but 20 minutes of anodal polarity seems to start 
decreasing cortical excitability in the first minutes but then the effect disappear and 
after Cb-tDCS cessation a rebound effect is observed in SEPs amplitude. Finally, 
immunohistochemical analysis in S1 performed after 20 min of Cb-tDCS at 200 µA did 






Figure 4.26. Immunohistochemical changes in S1 after 20 minutes of Cb-tDCS over lateral cerebellum. 
A,B) Confocal photomicrographs (images), quantification and statistics (bars charts) of GAD65-67 
expression (A) or vGlut-1 expression (B) in S1 after 20 min of Sham condition (upper row, n = 7 animals), 
after 20 min of Anodal Cb-tDCS (middle row, n = 7 animals) and after 20 min of Cathodal Cb-tDCS (lower 
row, n = 7 animals). Error bars represent SEM. GAD65-67: Glutamic acid decarboxylase isoforms 65 and 


































Present results increase our understanding on the effects that transcranially 
applied electric currents have on neural activity and highlight the relevance of animal 
models as a scientific instrument to understand and control these non-invasive 
neuromodulatory techniques. 
5.1 tDCS modulation of S1. 
5.1.1 SEP characterization in S1. 
The first set of experiments (Set 1) carried out for the present Doctoral Thesis 
focus in the intracortical recording of SEPs in response to whisker electrical stimulation 
in the alert mice. This approach has been successfully used in the past for concurrent 
tDCS application and SEPs recording elicited by whisker electrical stimulation in alert 
rabbits (Márquez-Ruiz et al., 2012; Márquez-Ruiz et al., 2016). N1 component of S1-SEPs 
is supposed to represents postsynaptic activity from layers IV, V and VI (Castro-
Alamancos and Oldford, 2002; De Kock et al., 2007), which explains our observation of 
a polarity inversion when going deeper than layer V-VI (Fig. 4.1C). 
 As showed in the present study, the amplitude of N1 was linearly related to the 
intensity of the electrical shock applied to the whisker pad (Fig. 4.1D, E) allowing the 
characterization of the maximum N1 response to posteriorly determine the whisker 
stimulation necessary to reduce this maximum to 50% (submaximal response). 
Remarkably, SEPs are a consistent marker for indexing cortical excitability and are easy 
to electrophysiologically identify based on the waveform (Fig. 4.1C), allowing for reliable 
measurements over long periods of time. In addition, SEPs are usually recorded in 
human experiments (Dieckhöfer et al., 2006; Woodman, 2010; Sugawara et al., 2015; 
Vaseghi et al., 2015) providing a link with animal model’s results. 
S1 neurons represent complex and behaviorally relevant information in the alert 
animal (Castro-Alamancos, 2004; Le Merre et al., 2018) thus showing some variability 
regarding mice behavior. Particularly, a strong decrease of N1 amplitude was recorded 




eliminated these running-SEPs, probably related with sensory gating of information, a 
phenomenon by which predictable-movements activity (i.e. locomotion) suppress S1 
activity (Chapin and Woodward, 1982; Chapman et al., 1988; London and Miller, 2013; 
Favorov et al., 2015), to avoid masking potential plastic changes.  
5.1.2 Intracranial electric fields induced by tDCS in S1. 
Measuring the real electric field reaching different brain regions during tDCS in 
humans is one of the most important challenges in the field. Currently, there are many 
computational models using realistic head models to predict how current diffuse across 
the brain in different tDCS montages (Ruffini et al., 2014; Huang et al., 2019). Animal 
models offer an opportunity to characterize the actual electric field imposed in the 
region of interest for the experimental design (Lee et al., 2015; Opitz et al., 2016, 2017; 
Sánchez-León et al., 2018a). In the present study, the actual electric field generated in 
S1 recording site at different current intensities was measured (Fig. 4.2). As expected, 
the highest electric field values were observed in the first millimeter of the cortex (90.2, 
9.9 and 1.4 V/m for 200, 20 and 2 µA, respectively) decaying with distance in a 
logarithmic manner. These data support previous studies in humans and nonhumans 
primates confirming that the electric fields generated during tES do behave in a linear 
ohmic manner (Opitz et al., 2016). Nevertheless, the electric field imposed in the cortical 
layer of the mice in the present study (23.1 - 90.2 V/m), turned to be much higher than 
those estimated in human studies (below 1 V/m (Jackson et al., 2016; Opitz et al., 2017; 
Chhatbar et al., 2018; Modolo et al., 2018; Vöröslakos et al., 2018)). Interestingly, 
although some in vitro studies using DC stimulation have successfully characterized the 
impact of low-intensity electric fields similar to those imposed in the human brain 
(Deans et al., 2007; Reato et al., 2010), most of the in vitro studies use electric fields in 
the range of 20 to 60 V/m (Modolo et al., 2018), similar to the values used in the present 
work. This discrepancy is more evident in those studies using in vivo rodent animal 
models and specifically in alert rodents where electric field intensities used in humans 
have failed to show neuronal modulation (Ozen et al., 2010; Modolo et al., 2018; 
Vöröslakos et al., 2018). Despite this intensity increase, animal studies using electric 




the mechanisms that mediate the effects of tDCS in the immediate and long-term 
(Jackson et al., 2016; Liu et al., 2018). 
5.1.3 S1-tDCS immediate effects on S1-SEPs. 
Since most of the knowledge we have about tDCS mechanisms comes from 
human studies where tDCS is applied on the motor cortex (Stagg et al., 2018), it is crucial 
to know if the implicated neural mechanisms and effects described during last years for 
M1-tDCS are comparable to those induced in other brain regions. 
Immediate effect results from our study indicate that tDCS applied for several 
seconds over S1 is sufficient to modulate cortical excitability in agreement with previous 
results in humans-M1 (Nitsche and Paulus, 2000), with an increase in excitability during 
anodal stimulation and a decrease during cathodal stimulation. Furthermore, the effects 
showed an intensity-dependent modulation, with greater changes for greater 
intensities. Similar results were previously obtained in S1 cortex from rabbits (Márquez-
Ruiz et al., 2012; Márquez-Ruiz et al., 2016) and in motor (Cambiaghi et al., 2010) and 
visual (Cambiaghi et al., 2011; Monai et al., 2016) cortices in mice. All these data points 
toward a similar immediate tDCS effect across different cortices, at least for the 
simplified cortical geometry of mice and rabbits. These similarities in modulation for 
different cortical areas could be due to the same dendritic and axonal orientation of the 
pyramidal cells with respect to the electric field (Bikson et al., 2004; Radman et al., 2009; 
Kabakov et al., 2012), but there are many differences (network complexity, neurons size) 
between mice and humans cortices to assume it. 
5.1.4 S1-tDCS long-term effects on S1-SEPs. 
Different studies have shown that tDCS over S1 can modulate SEPs amplitude 
and change somatosensory information processing. In humans, after anodal tDCS 
applied over S1, Sugawara and col. (Sugawara et al., 2015) have shown that there is an 
increase in amplitude of SEPs, whereas Ragert and col. (Ragert et al., 2008) showed an 
improve in performance in a complex somatosensory task. Meanwhile, after cathodal 




(Dieckhöfer et al., 2006; Vaseghi et al., 2015), that correlates with increasing sensory 
and pain thresholds (Vaseghi et al., 2015), while Rogalewski and col. (Rogalewski et al., 
2004) showed that cathodal tDCS over S1 decreased tactile perception. In animal 
models, S1-tDCS has been able to potentiate or depress the SEP and the acquisition of 
classical eyeblink conditioning during the application of anodal or cathodal stimulation, 
respectively, suggesting that tDCS modulates the sensory perception process necessary 
for associative learning (Zucker and Regehr, 2002; Márquez-Ruiz et al., 2012). Moreover, 
based on paired-pulse test results (a test commonly used to highlight presynaptic effects 
on neurotransmitter release), this study proposes that tDCS modifies thalamocortical 
synapses at presynaptic sites, a detailed insight that is not possible to get from human 
experiments. 
In the present study, cortical excitability changes were maintained as long as the 
tDCS was applied (20 minutes), but only cathodal tDCS was able to induce significant 
long-term effects (i.e., decreased amplitude of the N1 component) in the recorded SEPs, 
which persisted for up to 60 min. In contrast, no changes were observed after anodal 
tDCS. The asymmetry in the long-term effects is a crucial issue since long-lasting 
excitability changes are a key point for clinical treatments (Stagg et al., 2018). 
Furthermore, it could explain some of the mixed results obtained in human’s 
experiments in which no effects are observed after anodal tDCS (Rogalewski et al., 2004; 
Dieckhöfer et al., 2006). Also, the lack of long-term effects for anodal stimulation 
reinforce the idea of performing the testing task, thus recruiting the task-related 
neuronal network (Ammann et al., 2016; Stagg et al., 2018), during the administration 
of tDCS rather than after it. A possible explanation for the asymmetrical results comes 
from the hypothesis that tDCS long-term effects could be caused by alterations in other 
structures functionally connected to the region of stimulation (Polanía et al., 2012; 
Holland et al., 2016; Baxter et al., 2017). Thus, the long-term impact of tDCS might differ 




5.1.5 GAD65-67 and vGlut1 levels in S1 after 20 minutes of S1-tDCS. 
Since no external electric fields are present in the tissue after tDCS, the observed 
long lasting excitability changes must be explained in terms of molecular and 
connectivity changes. In this regard, our study shows an increase in GAD65-67 levels 
after cathodal stimulation but no changes for anodal stimulation. The results are in 
agreement with our electrophysiological measures, suggesting an overall decrease in 
the excitability of the stimulated cortex after cathodal tDCS, but no long-term changes 
after anodal tDCS. 
The in vivo measure of neurotransmitter levels in human experiments show 
mixed results. Using MRS some studies have repeatedly shown a decrease in GABA after 
anodal M1-tDCS (Stagg et al., 2009; Bachtiar et al., 2018; Patel et al., 2019), but just one 
work found polarity-dependent effects on GABA and glutamatergic levels (Stagg et al., 
2009). Interestingly, a recent paper showed a decrease in GABA in both the stimulated 
and non-stimulated M1 after anodal tDCS, whereas a decrease in GABA was only 
observed in non-stimulated M1 after cathodal stimulation (Bachtiar et al., 2018). Since 
we analyse our data by comparing the stimulated vs non-stimulated hemisphere, we can 
be neglecting some of these hemispherical effects. For instance, when comparing values 
after cathodal tDCS with values after sham tDCS (Fig. 4.5, upper rows) it could be 
possible that the non-stimulated hemisphere had a decrease in GAD65-67. 
There is also a study showing no changes in GABA nor glutamatergic levels for 
anodal stimulation in the posterior superior temporal gyrus (Dwyer et al., 2019), so it is 
possible that depending on the stimulated region the long-term effects can be 
supported by distinct mechanisms, or do not exist at all. Furthermore, others animal-
based experiments have demonstrated the implication of different receptors, such as 
NMDA (Fritsch et al., 2010), mGluR5 (Sun et al., 2016), AMPA (Stafford et al., 2018; 
Martins et al., 2019), and adenosine receptors (Hattori et al., 1990; Islam et al., 1994, 
1995b; Márquez-Ruiz et al., 2012), together with the involvement of neurotrophic BDNF 
(Fritsch et al., 2010; Ranieri et al., 2012), the activation of early genes participating in 




et al., 2016). In summary, the full machinery behind long-term effects seems to be very 
complex, so the variability in stimulation parameters should be minimized in order to 
compare between studies. 
5.2 tDCS modulation of cerebellar cortex. 
5.2.1 SEP characterization in CrusI-II. 
The cerebellum receives sensory information from all body parts (Garwicz et al., 
1998; Apps and Garwicz, 2005) conveyed through mossy (Odeh et al., 2005; Jörntell and 
Ekerot, 2006) and climbing fibers (Ekerot and Jörntell, 2001). Specifically, peripheral 
stimulation of the whisker pad evokes a sensory potential in CrusI-II lobules of the 
cerebellar cortex (Brown and Bower, 2002; Lu, 2005; Roggeri et al., 2008) characterized 
by two main components (Fig. 4.6), corresponding to trigeminal (T) (Armstrong and 
Drew, 1980; Bower and Woolston, 1983; Morissette and Bower, 1996; Lu, 2005; Roggeri 
et al., 2008) and cortical (C) (Sasaki et al., 1969; Brown and Bower, 2002; Mostofi et al., 
2010; Diwakar et al., 2011; Parasuram et al., 2018) inputs. Furthermore, the N2-N3 wave 
in the T component is supposed to reflect the activity between parallel fibers and PC 
(Bengtsson and Jorntell, 2007; Márquez-Ruiz and Cheron, 2012), and since the PC are 
the solely output of the cerebellar cortex, N2-N3 amplitude can be used as an index of 
cerebellar cortex excitability. In our experiments, the whisker stimulation intensity was 
adjusted as to produce an N2-N3 component with half of the maximum amplitude (Fig. 
4.6C) to ensure the observation of potential increases as well as decreases in the evoked 
potentials during and/or after Cb-tDCS. Interestingly, as in S1-SEPs recordings, a similar 
decrease during animal running was observed on the C component amplitude. These 
amplitude decrease was probably related with sensory gating of information (Apps, 
1999; Geborek et al., 2013; Brooks et al., 2015; Lawrenson et al., 2016). In order to avoid 
masking potential plastic changes we eliminated these SEPs from the analysis. 
5.2.2 Intracranial electric fields induced by Cb-tDCS. 
Regarding Cb-tDCS, there are just a few studies that specifically address the 




2016; Batsikadze et al., 2019; Rezaee and Dutta, 2019), all of them using computational 
models without in vivo data. For this reason, the recordings made for the present 
Doctoral Thesis provide relevant information to characterize the actual electric field 
imposed in the cerebellum. 
As expected from modelling studies showing that current flow in the cerebellum 
is largely uniform in direction (Parazzini et al., 2014; Rahman et al., 2014), the highest 
electric field values were observed in the first millimeter of the cortex (129.5, 13.8 and 
1.9 V/m for 200, 20 and 2 µV, respectively) decaying with distance in a logarithmic 
manner, a similar effect than the observed in S1 recordings. Likewise, the electric field 
imposed in the recording area of the present study (129.5 V/m) turned to be much 
higher than those estimated in human studies (below 1 V/m (Parazzini et al., 2014; 
Fiocchi et al., 2016; Rezaee and Dutta, 2019)). Nonetheless, there is some evidence 
indicating that higher electric fields have to be applied in alert mice to obtain similar 
results than in humans, as we will see in the last part of the current discussion. 
5.2.3 Cb-tDCS functional effects on CrusI-II-SEPs. 
In 2009, Galea and colleagues (Galea et al., 2009) demonstrated that it is possible 
to increase or decrease the connectivity between the cerebellum and M1, depending on 
the polarity of tDCS applied to human cerebellum. Since then, Cb-tDCS has been used to 
modulate motor and non-motor behaviors (Grimaldi et al., 2014a, 2016; Oldrati and 
Schutter, 2018), as well as to understand cerebellar functions (Galea et al., 2011; 
Ferrucci et al., 2012; Boehringer et al., 2013; Miall et al., 2016) and learning mechanisms 
(Spampinato and Celnik, 2017). To properly understand the basics of this 
neuromodulation, we have to dissociate immediate from long-term effects. As far as we 
know, there is no single study combining cerebellar in vivo recordings with non-invasive 
neuromodulation techniques, so comparisons made in this discussion section have to 
be performed with in vitro studies or with indirect measurements from human studies. 
Regarding immediate effects, we observed that the amplitude of the T 




during cathodal Cb-tDCS. These results are supported from previous in vitro experiments 
performed in isolated turtle cerebellum (Chan and Nicholson, 1986; Chan et al., 1988) 
where anodal stimulation predominantly excites the cell bodies of PC when applying 
similar electric fields than us (15 to 20 V/m). Despite that, the majority of Cb-tDCS results 
come from human experiments, where the evaluation of cerebellar excitability has to 
be made by indirect measurements. fMRI studies have found mixed results, D’Mello 
(D’Mello et al., 2017) found that anodal Cb-tDCS increased activation in right Crus I/II 
during a complex task (semantic prediction) and enhanced resting-state functional 
connectivity between hubs related to the task (reading/language networks). On the 
contrary, no differences are reported in cerebellar cortex activity when Cb-tDCS is 
applied during a simple motor task (finger tapping) (Küper et al., 2019). Interestingly, 
the same study found the opposite modulation in the dentate nuclei, an increase in 
activation during cathodal stimulation, and a trend toward decreased activation during 
anodal stimulation. This result is in accordance with an inhibitory effect of cathodal Cb-
tDCS on the cerebellar cortex resulting in less inhibition of the cerebellar nuclei by the 
PC and vice versa. Furthermore, in the cerebellum 20-50 PC project to a single DCN 
neuron (Person and Raman, 2012), so sparse modulation of cortical activity could be 
reinforced at the level of DCN activity. Nonetheless, lower electric fields are thought to 
be produced in humans by Cb-tDCS (below 1 V/m (Parazzini et al., 2014; Fiocchi et al., 
2016; Rezaee and Dutta, 2019)) suggesting that the modulation of cerebellar activity 
could be inferior that in our mice model. 
As observed in the cerebellar immediate-effect results (Fig. 4.8), the C 
component of the SEP recorded in Crus I-II showed a trend in the opposite modulation 
direction of the T components, with anodal decreasing and cathodal increasing the 
amplitude. This tendency seems ambiguous but were somehow expected since it is 
known that the cerebellum exerts an inhibitory tone over M1 (Batsikadze et al., 2019) 
(and over S1, as shown in Set 4 experiments), and the C component is supposed to 
reflect an input from S1 (Morissette and Bower, 1996; Brown and Bower, 2002). The 
hypothesis states that increasing cerebellar cortex excitability with anodal Cb-tDCS 
decreases DCN activity, which project to S1 through the thalamus (Proville et al., 2014), 




cortex through the pontine nuclei (Shinoda et al., 1987; Odeh et al., 2005) causing the 
decrease of C component amplitude (Morissette and Bower, 1996; Brown and Bower, 
2002), and an increase in C amplitude when cathodal Cb-tDCS is applied.  
Regarding long-term effects, after 20 minutes of Cb-tDCS no modulation was 
observed for any of the SEP components. During the 20 minutes of stimulation, the 
immediate modulation was maintained, with a robust effect in the T components 
amplitude, especially in N2-N3 complex, increasing and decreasing with anodal and 
cathodal, respectively, and a trend for C component towards the opposite modulation 
direction. However, once the Cb-tDCS is switched off, all amplitude values returned to 
control values. Similar effects have been shown in fMRI human studies (Küper et al., 
2019) with no significant difference of cerebellar cortical activation after Cb-tDCS. No 
differences were found during Cb-tDCS in this study possibly due to the low spatial and 
temporal resolutions of fMRI (in comparison with invasive recordings) where the short-
latency T and C opposite modulations may hind the detection of stimulation-related 
fMRI activity changes. Another study  where a complex cerebellar-dependent task is 
being performed during Cb-tDCS, have reported that anodal stimulation shows an 
increase in CrusI-II activity together with an increase of functional connectivity between 
the hubs related to the task (D’Mello et al., 2017). Nonetheless, human studies applying 
Cb-tDCS usually rely on indirect measurements of cerebellar excitability, as behavioral 
outcome or excitability of connected regions. In these cases, contradictory results are 
common (Pope and Miall, 2012; Zuchowski et al., 2014; Miall et al., 2016; Beyer et al., 
2017; Batsikadze et al., 2019). There could be several causes for this disparity as the fact 
that the orientation of neurons in different cerebellar areas varies in relation to the 
applied electric field (Grimaldi et al., 2016), or the fact that cerebellar modulation could 
distinctly affects distant interconnected regions (Stagg et al., 2018; Miterko et al., 2019). 
In addition to that, present results reinforce the importance of performing the 
experimental measurements and potential behavioral tasks during the administration 
of Cb-tDCS and not after stimulation, since even with much higher electric fields as used 
in our experiments, no long-term effects were observed in cerebellar cortex. There is 
currently some evidence on the relevance of this assumption, with several studies 




sham specifically by increasing on-line (during Cb-tDCS) rather than off-line (after Cb-
tDCS) learning (Cantarero et al., 2015), and also showing the relevance of the cerebellum 
during the early phases of a motor skill learning (Spampinato and Celnik, 2017) or during 
a visuomotor adaptation task (Galea et al., 2011). 
Unlike the observation of an LTD-like effect after cathodal tDCS over S1, our 
immunohistochemical analysis of the GAD65-67 and vGlut1 levels in CrusI-II showed no 
changes after 20 minutes of Cb-tDCS, pointing in the same direction of no long-term 
effects as the electrophysiological recordings. This absence of change in 
neurotransmitters levels after Cb-tDCS has also been observed for GABA and glutamate 
levels in human experiments using MRS (Jalali et al., 2018). Nevertheless, they did not 
find differences during Cb-tDCS neither, suggesting that tDCS immediate effects over 
cerebellar cortex could be limited to the polarization imposed by the electric field and 
not correlated with changes in neurotransmitters levels. 
5.2.4 Cerebellar single-cell activity modulation by Cb-tDCS in awake mice. 
In order to understand basic mechanisms by which tDCS modulates neuronal 
activity, the most direct read-out we can have is the modulation of single-cell activity. 
The majority of neuronal recordings obtained during externally applied electric fields 
have been performed in brain slices and have laid the basis mechanisms explaining the 
relationship between the magnitude of voltage gradients and spiking activity (Bikson et 
al., 2004), as well as the importance of different neuronal features, such as the 
orientation of somatodendritic axes with respect to the electrical field (Rahman et al., 
2013), the neuronal morphology (Radman et al., 2009), or the axonal orientation 
(Kabakov et al., 2012). Nonetheless, in these studies all synaptic signalling use to be 
blocked, the slices lack the connections with other parts of the brain, and the electric 
field is not applied transcranially, for this reason, many of these results should be 
confirmed on in vivo preparations too. 
Despite the increasing interest in the tDCS technique, there are very few studies 




Grossman et al., 2017; Vöröslakos et al., 2018). In these reported experiments, anodal 
and cathodal tDCS affect spiking activity and transmembrane potential in a linear 
manner, with a preference toward increase excitability for anodal and decrease it for 
cathodal stimulation. In the present study, we found no clear directionality in the 
modulation, with some neurons increasing their spiking for anodal stimulation, others 
for cathodal stimulation, and vice versa. However, Ozen and Vöröslakos experiments 
were carried out in rat neocortex, where there are no circumvolutions, whereas our 
experiments were performed in mice cerebellar cortex, which is highly convoluted. Also, 
they found that the minimum voltage gradient necessary to affect neuronal spiking was 
at least ~1 V/m and that strength of the modulation increased as the stimulation 
intensity increased. Considering that we use higher intensities (129,52 V/m), our results 
on neuronal modulation were expected. 
Of high interest for this issue, during last years some studies have started to 
measure spiking modulation in vivo under tDCS in alert non-human primates (Krause et 
al., 2017, 2019), an ideal animal model because, like humans—and unlike other animal 
models— they have a thick, dense skull and gyrencephalic cortex. Interestingly, weak 
electric fields induced by tDCS as those typically used in humans (below 1 V/m) were not 
able to change firing rates within the targeted area (Krause et al., 2017) but induced 
large low-frequency oscillations in the underlying tissue. Meanwhile, for tACS a 
frequency- and location-specific modulation of the firing timing, but not firing rate value,  
was observed in the recorded neurons (Krause et al., 2019). 
5.2.5 Importance of the somatodendritic axis orientation. 
In vitro studies have already established that the orientation of the soma, the 
dendrites and the axon with respect to the electrical field determine the modulation of 
neuronal excitability, at least for neocortical (Rahman et al., 2013) and hippocampal 
neurons (Bikson et al., 2004). Nevertheless, no in vivo study has been published 
experimentally supporting this critical issue. Present results provide a direct 
measurement of the relation between Cb-tDCS modulation and neuronal orientation. 




since the 80’s (Chan and Nicholson, 1986; Chan et al., 1988), where it was demonstrated 
that current flows that depolarizes the soma leads to excitation while current flows that 
hyperpolarizes the soma leads to inhibition of firing. In addition, PC were polarized by 
0.2 mV per 1 V/m applied electric field, which is in the range reported for layer V/VI 
pyramidal cells (Radman et al., 2009). 
Accordingly, our present results show strong evidence supporting the key role of 
somatic polarization. Thus, we found an almost perfect correspondence between 
current flows depolarizing the soma leading to an increase in firing activity of PC (either 
anodal for a PC with the dendrites pointing toward the active electrode, or cathodal for 
a PC with the opposite orientation) and current flows hyperpolarizing the soma leading 
to a decrease in firing activity. These effects, clearly observed in the different neurons 
recorded in the cerebellar Vermis, were smaller, but in the same direction, for neurons 
with intermediate somatodendritic angles in the case of neurons located in CrusI-II. 
These data strongly support modelling studies showing that current flow in the 
cerebellum is largely uniform in direction, thereby producing an alternating direction of 
polarization across the alternating direction of cerebellar cortex layers (Parazzini et al., 
2014; Rahman et al., 2014). Nonetheless, the influence of the different cellular 
compartments (somas, dendrites, axons) being differentially polarized should not be 
discarded, although we cannot give insights into this topic with our data. 
This result highlight the relevance of focalize tDCS targets since the orientation 
of different neurons in different cerebellar and cerebral (in primates) areas varies in 
relation to the applied electric field (Grimaldi et al., 2016). 
5.3 S1 modulation by cerebellar cortex tDCS. 
5.3.1 Intracranial electric fields induced in S1 by tDCS in cerebellar cortex. 
In the present study, the actual electric field reaching S1 when tDCS was applied 
over cerebellar cortex was measured (Fig. 4.19). As opposed to the recordings made in 




electrode, in this case the electric field reaching the recording site was similar across the 
different depths, with a value of ~1 V/m for 200 µA. Even when we fail to induce 
significant tDCS effects with such a low electric fields, this magnitude is just in the 
threshold suggested to have a direct neuromodulatory effect (Vöröslakos et al., 2018), 
so we cannot rule out the possibility of some interference by a direct neuromodulation 
from the applied current by itself. 
5.3.2 Cb-tDCS functional effects on S1-SEPs. 
S1 is highly interconnected with the cerebellum (Schmahmann, 2001; Ramnani, 
2006; Buckner et al., 2011). The broad characterization of these projections was made 
at an anatomical (Leergaard et al., 2000) and functional (Allen et al., 1979; Shinoda et 
al., 1987; Swenson et al., 1989; Morissette and Bower, 1996; Brown and Bower, 2002; 
Nagao, 2004; Odeh et al., 2005; Watson, 2009) level, but it was not until very recently 
that the details and relevance of this connection has started to be clarified (Proville et 
al., 2014; Caligiore et al., 2017; Bostan and Strick, 2018). 
By means of chemogenetics tools, a recent animal study have shown that 
increasing or decreasing the PC activity of CrusI induce a decrease or an increase, 
respectively, of the firing rate of contralateral parietal association cortex neurons 
(Stoodley et al., 2017). Accordingly, our results showed an increase or a decrease in S1-
SEPs amplitude during cathodal or anodal Cb-tDCS, respectively, in an intensity-
dependent manner. On the other hand,  human studies using indirect measurements 
have shown that cathodal tDCS over the cerebellum resulted in a decrease of the 
inhibition exerted by the cerebellum over M1, whereas anodal Cb-tDCS increased it 
(Galea et al., 2009; Batsikadze et al., 2019). 
For long-term Cb-tDCS effects experiments, density current applied to the 
epicranial tube (4.29 mA/cm2) was equivalent to those obtained by applying 200 µA to 
the silver-ring (4.26 mA/cm2) (Set 2 experiments).  Thus, cathodal Cb-tDCS (20 min, 300 
µA) showed an increase in the amplitude of S1-SEPs during the application of Cb-tDCS, 




decreasing the excitability of S1 but after several minutes this effect was abolished (Fig. 
4.25). Interestingly, when Cb-tDCS was switched off the amplitude of S1-SEPs displayed 
a rebound effect, meaning a rapid increase in excitability that was maintained at least 
for 1 hour. This amplitude increase rebound  could be caused by some homeostatic 
mechanisms balancing the overall excitability so when anodal start to decrease the S1-
SEPs amplitude (by increasing CrusI-II excitability) the mechanism tries to compensate 
increasing it, thus cancelling the Cb-tDCS effect, but when anodal stimulation is 
removed, this mechanism still tries to compensate the effect maintaining S1 excitability 
increased. Supporting these results, other animal study have shown that, by means of 
optogenetic stimulation  and for a brief period (100 ms), stimulation of the Crus I area 
produced an inhibition and a post-inhibitory activation (rebound) of the cerebello-
thalamo-cortical pathway, yielding M1 activation (Proville et al., 2014). Given the 
absence of this rebound long-lasting effect in our recordings from CrusI-II during Cb-
tDCS (Fig. 4.9), it seems feasible that the mechanism of the rebound should reside in 
another region, probably thalamus or S1. 
Regarding the immunohistochemical analysis, no changes were observed in the 
levels of GAD65-67 nor vGlut1 in S1 after 20 minutes of 200 µA Cb-tDCS. Given the 
correlation between electrophysiological and immunohistochemical analysis in 
experiments from Set 1 (LTD-like effect after cathodal, increase in GAD65-67 levels) and 
Set 2 (No long-term effect for SEP amplitude nor GAD65-67 or vGlut1 levels), we 
expected to see some correlation with the observed increase in amplitude after anodal 
Cb-tDCS. The absence of change could be due to the lower intensity used for the 
immunohistochemical experiments (200 µA, resulting in a current density of 2.86 
mA/cm2), or to a change of neurotransmitters levels in other parts of the circuit 
(thalamus, DCN), but further experiments are needed to prove them. 
Taken together, these results provide direct evidence regarding the distant 
effects of tDCS applied over the cerebellum, suggesting that non-invasive 
neuromodulation effects are not limited to the stimulated region, rather, they may be 




(Pope and Miall, 2012; Marron et al., 2018; Yosephi et al., 2018) and future (Stoodley et 
al., 2017; Menardy et al., 2019) therapies trying to modulate cerebellar networks.  
5.4 Limitations of the mice model. 
Finally, the limitations of this study must be taken into account, since in vivo 
animal experiments present important differences with respect to human interventions. 
Some of these limitations are inherent to the anatomy and complexity of the rodent’s 
brain, which lacks cortical circumvolutions, are smaller in size and contain fewer 
neurons. A closer approach to human studies can be achieved by cerebellar 
experiments, which is highly convoluted in rodents too, and as we show in our single-
cell experiments the entrainment efficacy of neurons depends on how the neuron align 
with the direction of the electrical field, as expected in human cerebellar and cerebral 
cortices. However, the cytoarchitecture of cerebral and cerebellar cortices is very 
different, so the translation to human cortex is still questionable. Additionally, more 
limitations arise from the restrictions that mice behavior imposes, specifically when 
trying to compare complex behaviors or cognitive processes. To overcome these 
problems, the use of learning paradigms that can be performed in humans as well as in 
mice (i.e., eyeblink conditioning (Márquez-Ruiz et al., 2012; Zuchowski et al., 2014)) 
provide a valuable tool for the translation of the results. Moreover, brain activity can be 
compared between human and mice experiments by measuring different oscillations 
and ERPs, not just sensory-related potentials but even cognitive-related ones (Buzsáki 
et al., 2013; Modi and Sahin, 2017; Pinault, 2017).   
Nonetheless, the main limitation of the present study is related to the specific 
details of the stimulation protocols, particularly the application of higher density 
currents (Márquez-Ruiz et al., 2014). Animal studies usually apply around ten-fold 
stronger current intensities compared to human experiments (Jackson et al., 2016; Liu 
et al., 2018), and based in our data we typically generate an electric field between 20-
120 V/m in the recording area, values much higher than typically generated in humans 
(below 1 V/m) (Opitz et al., 2016; Chhatbar et al., 2018; Vöröslakos et al., 2018). 




as in humans. In our experiments from Set 1, a current density of ± 4.26 mA/cm2 during 
15 s of tDCS resulted in a SEP amplitude change of ~40 % for anodal and ~-30 % por 
cathodal tDCS (Fig. 3B), and for 20 min of tDCS, cathodal elicited a decrease up to ~64 
%, and a current density of 3.19 mA/cm2 for anodal tDCS reached a maximum change of 
~50 % (Fig. 4). Meanwhile, for human experiments, in Matsunaga and col. (Matsunaga 
et al., 2004) for a density current of  0.03 mA/cm2 during 10 minutes of anodal tDCS, the 
observed amplitude change was an increase of up to ~60 %, and Vaseghi and col. 
(Vaseghi et al., 2015) observed a reduction of ~25 % for 20 minutes of cathodal tDCS at 
0.1 mA/cm2. These results are more striking since we applied tDCS directly over the 
scalp, avoiding the loss of around 75 % of the applied current due to the shunting effect 
of the skin (Liu et al., 2018; Vöröslakos et al., 2018), that is present in human studies. 
Also, macaque experiments, an animal model closer to human experiments since 
they have a large head with a gyrated cortical surface, determined an electric field of 
~35–55 V/m in the motor cortex to elicit a suprathreshold stimulus (triggering a visible 
twitch) (Lee et al., 2015). We usually apply electric fields in this range and above, but, to 
our knowledge, we did not observe any evidence of suprathreshold stimulus. Besides, 
our single-cell experiments reveal a clear modulation of the firing rate for some neurons 
but no modulation at all for some nearby neurons, suggesting a subthreshold 
modulatory effect. 
A possible explanation for the divergence between rodent and primates (human 
and non-human) results could be related with larger neuronal densities found in 
primates with respect to rodents (Herculano-Houzel, 2009). For instance, the human 
brain has about sevenfold more neurons than the 12 billion neurons that a hypothetical 
rodent brain of 1.5 kg would be expected to have (Herculano-Houzel, 2012). Also, much 
bigger electrodes are used in human experiments, thus entraining immensely much 
more neurons than mice experiments. On the contrary, total brain size in mice 
constrains the size of the electrodes and difficult the stimulation of specific circuits. In 
spite of the later, mice models promise to play a relevant role in the tES field since they 




implemented in human studies such as electrophysiological recordings of neural activity, 
fluorescent and two-photon imaging, or optogenetic manipulation of the circuits. 
In summary, animal models provide a powerful scientific tool that can facilitate 
the successful utilization of tES in human subjects, but they should be carefully designed 


































The present Doctoral Thesis tries to shed some light on tDCS mechanisms, 
specifically in somatosensory and cerebellar neuromodulation, and the relation 
between them. To accomplish this, electrophysiological and immunohistochemical 
techniques have been used in awake and anesthetized mice. The main conclusions of 
this study are the following: 
1) The actual electric field generated by tDCS applied over S1 or lateral 
cerebellum decay with distance from the electrode in a logarithmic manner. The field 
generated in S1 by Cb-tDCS is two orders of magnitude lower than the electric field 
generated by tDCS directly applied over S1. 
2) tDCS applied over S1 immediately modulates cortical excitability during 
anodal and cathodal stimulation in an intensity-dependent manner. Cathodal but not 
anodal S1-tDCS induces long-term changes in S1 and this effect is consistent with 
observed changes in GAD65-67 levels in the stimulated S1. 
3) Cb-tDCS applied over lateral cerebellum immediately modulates 
cerebellar cortex excitability during anodal and cathodal stimulation, but no long-term 
effects were observed in SEPs nor GAD65-67 or vGlut1 levels in the cerebellar cortex 
after Cb-tDCS. 
4) Cb-tDCS applied for several seconds is able to modulate ongoing firing 
activity of PC and non-PC in a heterogeneous and intensity-dependent manner. The 
heterogeneous modulation observed is highly dependent on the somatodendritic axis 
orientation with respect to the generated electric field. 
5) Cb-tDCS applied over lateral cerebellum modulates S1 excitability during 
cathodal and anodal stimulation in an intensity-dependent manner. Anodal but not 
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